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 For the continued realization of scaling down in minimum feature size 
according to Moore’s law, nanostructure devices have attracted growing 
attentions due to higher capability and integration. At the nanoscale, quantum 
confinement effects can be observed, and the conventional theory is no longer 
valid for the energy carriers, therefore, the theoretical assessment of the carrier 
transport properties is essential for nanostructured materials. Moreover, the 
topic of thermoelectric effect, which is the conversion between heat and 
electric voltage based on both electron and phonon transport, becomes 
increasingly important as people strive to develop technologies to improve 
energy efficiency. Hence, this thesis theoretically studies the intrinsic ballistic 
electron and phonon transport properties, especially with a focus on the 
thermoelectric performance for novel nanostructured materials beyond silicon.  
Firstly, semiconducting one-dimensional Ge nanowires are studied. In the 
ballistic regime, their transport and thermoelectric properties are greatly 
influenced by geometry effects. The Ge nanowires along [100] direction have 
better thermoelectric performance in terms of power factor. For extremely 
small nanowires, the effect of cross-sectional shape is also significant. 
Comparing the results between triangular Ge and Si nanowires with 1 nm side 
length, n-type Si nanowires outperform Ge nanowires due to higher number of 





Secondly, the investigations of various graphene nanoribbon (GNR) 
structures show that the thermoelectric performances of kinked GNRs are 
greatly improved comparing to their straight counterparts. The structures with 
smaller width have better performance. The first peak value of ZT (ZT1st peak) is 
larger for the structures with two zigzag GNR (ZGNR) segments but smaller 
for the structures with only one ZGNR segment, since two ZGNR segments 
connected by 120◦ can open up a band gap, whereas one ZGNR segment 
alone still preserves the metallic behavior. 
Thirdly, two-dimensional transition-metal dichalcogenide layered 
structures are also studied. The transport and thermoelectric properties are 
compared among different monolayer structures: MoS2, MoSe2, WS2, and 
WSe2. The results show that transport properties are not very sensitive to the 
crystal orientation. As temperature increases, ZT1st peak increases almost 
linearly except for monolayer n-type WSe2, n-type MoSe2 and p-type WS2, 
which have higher increasing rates when temperature is high due to the 
electron transport contribution from an additional valley.  
Finally, the thermoelectric performances are also investigated for 
multilayer MoS2 and WSe2. The results show that the thickness dependence is 
different for different doping types. For MoS2, ZT1st peak decreases as the 
number of layers increases, with the exception of bilayer in n-type doping, 





WSe2, bilayer has the largest ZT1st peak in both n-type and p-type doping. At 
high temperature of 500 K, ZT1st peak can reach remarkably large values for n-
type monolayer MoS2 and bilayer WSe2. 
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 CHAPTER 1 
1 
 
Chapter 1 Introduction 
The development in nanotechnology has great impact in our daily life, and 
the  minimization in electronics has led to higher computing power with lower 
cost. According to Moore’s law, the minimum feature size will continue to 
scale down to sub-10 nm in the near future. For the past few decades, silicon-
based metal-oxide semiconductor effect transistors (MOSFETs) have been 
applied in numerous commercial products, and scientists and engineers put 
great efforts on innovations to sustain the Moore’s Law. However, several 
issues arise with the size scaling, such as increased leakage current due to 
reduced gate dielectric thickness and tunnelling current due to short channel 
effect, and the scaling of silicon-based transistors is reaching its limit. 
Therefore, new low-dimensional materials have to be sought to improve the 
device performance. Experiments and theoretical studies have been done 
extensively in nanostructure transistors.  
Besides the focus on improving the performance of electronic devices, the 
topic of thermal transport management becomes increasingly important in 
nanostructure devices as power consumption is increased dramatically with 
the density of transistor doubling every 18 months. Moreover, sustainable 
energy source is becoming a major issue to the society due to the increasing 
world’s demand and the crisis of running out of fossil fuel reserves. To meet 




materials, which can convert heat directly into electricity providing cost-
effective green energy conversion. This chapter gives a review of the status of 
the emerging field of advanced low-dimensional thermoelectric materials, 
followed by the objectives and organization of this thesis. 
1.1 Background 
The thermoelectric effect is the conversion between temperature 
difference and electric voltage [1]. The conversion arises from the carriers 
freely moving in metals and semiconductors, which carry charge and heat at 
the same time at atomic scale. It can generate electricity from waste heat that 
is normally lost into environment, and conversely cool down heat when a 
voltage gradient is applied. The thermoelectric effect is also known as the 
Peltier-Seebeck effect, encompassing three separate phenomena: the Seebeck 
effect, Peltier effect, and Thomson effect. The Seebeck effect is the basis of 
electrical power generation. As shown in Fig. 1-1(a), in a simple thermocouple 
formed by n-type and p-type conductors joined at one end, thermal energy can 
transfer from the high temperature end to the low temperature end via free 
moving electrons. The more energetic electrons will diffuse along different 
conductors in opposite directions. The net diffusion of electrons results in a 
net current, and hence a potential difference between the two ends. The 
Seebeck coefficient, or the thermoelectric power, /S V T   , where V  




device can be realized through the back-action counterpart to the Seebeck 
effect, the Peltier effect. The external circuit electrical power supply drives the 
current and heat flow, and heat can be absorbed at one junction and dissipate 
at the other, thereby cooling the device as shown in Fig. 1-1(b). The Peltier 
coefficient, /Q I  , where Q and I are the heat absorbed and electrical 
current, respectively. The Peltier and Seebeck coefficients are directly 
connected through the Kelvin relation, TS  , where T is the absolute 
temperature. Lastly, the Thomson effect describes the heat absorption and 
dissipation of a current-carrying conductor with a temperature gradient. It is 
only significant when the temperature difference is large.  
 
Fig. 1-1 Illustration of thermoelectric effects: (a) energy generation and (b) 
heat cooling. (c) State-of-the-art thermoelectric devices.  
With thermocouples as the building blocks as shown in Fig. 1-1(c), the 
thermoelectric effects can be applied in several applications like the energy 
harvester, power generators, cooling and refrigeration devices, and low power 
electronic with precise temperature control [2]. These thermoelectric devices 
are based on solid-state devices with no moving parts [3], which leaves the 




characteristic is the dimensionless thermoelectric figure of merit, ZT =S
2σT/κ, 
where S, σ, T and κ are the Seebeck coefficient, electrical conductivity, 
absolute temperature and thermal conductivity, respectively. It represents the 
ability of a material to generate power efficiently. On the other hand, S
2σ alone 
is commonly known as the power factor. Materials with high power factor can 
generate more energy in a space-constrained application, but not necessarily 
with high efficiency. The power factor only focuses on the material 
performance of electrons [4], when κ at the two end reservoirs can be ruled out. 
The difficulty of maximizing ZT and power factor lies in the fact that the 
above parameters are generally interdependent [5], and it is not easy to alter 
one without affecting the others. Therefore, it is a challenge to develop 
advanced thermoelectric materials with an optimization of these conflicting 
properties.   
A good thermoelectric material should have large Seebeck coefficient, 
electrical conductivity, and low thermal conductivity. Normally, large S is 
found in low carrier concentration semiconductors or insulators, whereas large 
σ is found in high carrier concentration semiconductors and metals, so the 
thermoelectric power factor maximizes somewhere between a metal and 
semiconductor. Thermal conductivity comes from two sources of heat 
transport, lattice thermal conductivity contributed by phonons (κph) and 
electronic thermal conductivity contributed by electrons (κe), κ = κph + κe. The 




much smaller than the lattice thermal conductivity. Hence, it is more important 
to reduce κph, which can be done by increasing the phonon scatterings.  
Starting from 1950s when Abram Ioffe found heavily doped 
semiconductors were good thermoelectric materials, the basic concept became 
well established. It was first found that Bi2Te3 and Sb2Te3 are the best 
materials at room temperature, and Bi2Te3 was developed for 
commercialization in industry later [4]. In 1960s, the main method to improve 
ZT is to control doping and introduce point defects in solid solutions, which 
has limitations due to the decrease of carrier mobility while reducing the 
thermal conductivity. From 1960 to 1990, there has been little progress on 
enhancement of ZT. However, in mid 1990s, the interest in advanced 
thermoelectric materials was renewed due to the realization of complexity at 
multiple length scales. Since then, the field of thermoelectrics has developed 
very fast [6]. There are two different approaches for the next generation of 
thermoelectric materials is going on. One approach is using new categories of 
advanced bulk thermoelectric materials [7-9]. They are so-called ‘phonon-
glass electron-crystal’ (PGEC) materials, which are ideal candidates for 
thermoelectrics, that conduct heat like a glass while conducting electricity like 
a crystal [1]. The electron-crystal part arises from the requirement to the best 
compromise between the Seebeck coefficient and electrical conductivity for 
crystalline semiconductors, while the phonon-glass part requires lattice 




containing heavy-ion species that can cause disorder through interstitial sites, 
partial occupancies and rattling atoms, and complexity within the unit cell. 
One typical example of PGEC materials is skutterudite like CoSb3 [10-13], 
whose original form has high power factor and high lattice thermal 
conductivity. Through void-filling of foreign atoms in the structure, vibration 
centres are formed resulting in effective scattering, and therefore reducing the 
lattice thermal conductivity. It has been demonstrated that 1ZT  , which is 
larger than the traditional thermoelectric materials like Bi2Te3 and PbTe, can 
be achieved in filled skutterudites. For example, Ba0.08La0.05Yb0.04Co4Sb12 has 
a high ZT value of 1.7 at 850 K [12]. The research on potential new PGEC 
thermoelectric materials, such as rare earth tellurides, inorganic clathrates, 
complex chalcogenides, and half Heusler alloys, is ongoing to optimize ZT to 
suit various thermoelectric device applications. 
 On the other hand, an alternative approach is using low-dimensional 
materials systems [5, 14],
 
such as quantum wells, quantum wires and quantum 
dots.
 
These nanostructures have the potentials to show higher ZT as compared 
to their corresponding bulk form. The low-dimensional materials benefit from 
the quantum confinement of the electron charge carrier. The electron energy 
bands are narrower with increased confinement and decreased dimensionality, 
resulting in high effective masses and large Seebeck coefficients. Meanwhile, 
engineered heterostructures can maintain a high electrical conductivity due to 




scale can effectively reduce the lattice thermal conductivity.  Hence, the 
quantum confinement effect can be used to increase S and control S and σ 
independently while minimizing κph, and therefore enhance ZT [14]. Using the 
above principles, a variety of low-dimensional materials have been proposed 
and studied recently. The first demonstration of a low-dimensional material 
system with improved ZT is a two-dimensional (2D) superlattice consisting of 
Bi2Te3 quantum wells. The power factor is enhanced due to the quantum 
confinement in the interlayer direction, while the thermal conductivity is 
reduced through the phonon scattering between layer interfaces as compared 
to its bulk counterpart [16, 17]. It has been observed that ZT can reach 2.4 
using Bi2Te3/Sb2Te3 quantum well superlattices [18]. The enhancement of 
power factor is also achieved in superlattices in PbTe/PbSeTe system [19], 
PbTe quantum wells with Pb1–xEuxTe barriers [20], n-PbTe/p-SnTe/n-PbTe 
quantum well heterostructures [21], and Si quantum wells in Si/SiGe system 
[22]. The devices based on 2D quantum well and superlattice thermoelectric 
materials can be used for low power electronic and optoelectronic applications, 
however the integration in large scale have practical issues due to thermal 
stability [23]. One-dimensional (1D) quantum wires are predicted to have even 
greater enhancement in thermoelectric performance due to stronger quantum 
confinement. Recent experiment has reported that Si nanowires of 50 nm in 
diameter with surface roughness have increased ZT of 0.6 at room temperature, 




found that thermal conductivity reduces as the nanowire diameter decreases 
[25]. In addition to the reduction in thermal conductivity, the Seebeck 
coefficient can be enhanced due to the phonon drag contribution. Furthermore, 
nanocomposites, more scalable forms of bulk samples with nanostructured 
constituents, are well studied as thermoelectric materials. They can be handled 
and assembled more easily into various device applications. The enhancement 
in ZT has been observed in different material families: Bi2Te3, PbTe and SiGe-
based nanocomposites, mainly due to the reduced thermal conductivity with 
the introduction of nanometer-sized grains [26-32]. Thermoelectric 
performance of typical examples of the nanocomposties and other low-
dimensional materials are summarized in Table 1-1. 
Table 1-1 Thermoelectric properties of typical low-dimensional materials in 
past two decades. 
Materials Carrier Type ZT Temperature Ref 
Superlattices 
Bi2Te3/Sb2Te3 p 2.4 300 K [18] 
PbTe /PbSeTe n 1.5 RT [19] 
PbTe/Pb1-xEuxTe - 2.0 RT [20] 
Si/Ge - 0.1 300 K [22] 
Nanowires 
Si nanowires - 0.6 RT [24] 
Si nanowires p 1 200 K [25] 
Nanocomposites 
BiSbTe p 1.2 RT [26] 
BiSbTe p 1.4 373 K [27] 
(BiSb)2Te3 p 1.5 390 K [28] 
AgPb18SbTe20 n 2.2 800 K [29] 
2% SrTe in PbTe p 1.7 800 K [30] 
Si80Ge20P2 n 1.3 1073 K [31] 




Hence, one of the best methods to enhance the thermoelectric 
performance is to reduce the material dimensionality in nanoscale as the 
results have demonstrated that ZT can be enhanced form reduced thermal 
conductivity and increased power factor. Therefore, it is of great interest to 
conduct theoretical investigations on new advanced thermoelectric materials in 
low-dimensionality. Firstly, for 1D systems, Ge nanowires and graphene 
nanoribbons (GNRs) are studied. Previous experimental works have shown 
that Si nanowires have higher ZT values than their bulk materials [24, 25].
 
Theoretical and computational studies are also carried out to investigate details 
of their thermoelectric properties and geometry effects [33-38]. Compared to 
bulk Si, bulk Ge is a better thermoelectric material with heavier effective mass. 
Hence, it is of great interest to investigate the thermoelectric performance of 
low-dimensional Ge systems, such as Ge nanowires. Also, as graphene has 
emerged as a novel material with high electron mobility, nanoscale stripes of 
graphene, GNRs, begin to attract much attention as well [39, 40]. In addition, 
theoretical work shows that quasi-1D geometry can improve their 
thermoelectric performance compared to 2D graphene [41, 42]. On the other 
hand, for 2D systems, there is increasing attention on transition-metal 
dichalcogenide semiconductors. Experiments and computational works have 
been done on  transition-metal dichalcogenides such as molybdenum disulfide 
(MoS2) and tungsten diselenide (WSe2), and the results have shown that low 




work, the above-mentioned novel 1D and 2D materials are studied on their 
thermoelectric performance and the intrinsic transport properties. 
1.2 Objectives  
The objectives of the research work in this thesis are to understand the 
material properties of advanced low-dimensional materials: Ge nanowires, 
GNRs and transition-metal dichalcogenides, investigate their electron and 
phonon transport properties, and evaluate their thermoelectric performance. 
Three computational methods for energy calculations are employed according 
to the electronic structure complexity of the materials:  tight-binding model, 
fourth-nearest-neighbour force constant approach, and first principles density 
functional theory. An efficient ballistic transport method based on Landauer 
approach is used to calculate the thermoelectric properties. The results of this 
thesis should reveal the physical insights of these advanced low-dimensional 
thermoelectric materials and their potential in energy management 
applications. 
1.3 Organization of thesis   
In this thesis, the main research focus is on the computational 
investigations on carrier transport properties and thermoelectric performance 




Chapter 2 introduces the methods used for the calculations of electron and 
phonon energy dispersions and transport properties, and summarizes the 
NEGF approach and ballistic model for thermoelectrics. 
Chapter 3 studies the thermoelectric properties of Ge nanowires, and the 
effects of cross-sectional size, shape, crystal orientation, temperature and 
packing. A performance comparison is made between Ge and Si nanowires. 
In Chapter 4, various GNR structures are investigated: perfect, chiral and 
kinked GNRs. Their electronic band structure, phonon dispersions and 
thermoelectric performances are discussed in detail. 
Chapter 5 and Chapter 6 investigated the electronic structures and phonon 
energy dispersions of monolayer and few-layer transition-metal 
dichalcogenide semiconductors using first principles calculations. Their 
thermoelectric performance and temperature effects are evaluated. 
Lastly, Chapter 7 concludes this thesis with a summary of results, as well 




Chapter 2 Methodology  
At the nanoscale, classical mechanics cannot be used to describe the 
motion of atoms properly, and quantum mechanics becomes indispensable. In 
quantum mechanics, nanoscale phenomena can be described successfully with 
the central wave-particle duality concept. It is possible to observe the wave 
nature for particles like electrons, photons and the others. The Schrödinger 
equation is used to get the wavefunctions, which contain the energy 
information of particles in a system. However, the complexity of many-body 
system with a large number of particles makes it difficult to solve it exactly. 
Therefore, important approximations need to be made. By fitting the model to 
experimental data, the tight-binding model can be used to calculate electronic 
structures. Similarly, the force constants for phonon calculations can be 
obtained by fitting with dispersions determined experimentally. On the other 
hand, the first principles, or ab initio approach, also can be used without 
assumptions of empirical models and fitting parameters. Given the electronic 
structures and force constants, transport properties can be explored by the non-
equilibrium Green’s function (NEGF) approach. Thermoelectric properties of 
different materials are widely analyzed by NEGF. However, as there are 
millions of interacting particles in a typical nanostructure system, NEGF is not 
always easy and time efficient. Hence, a ballistic method based on Landauer 




chapter gives a brief introduction of the energy dispersion calculation methods: 
tight-binding model, fourth-nearest-neighbour force constant approach, and 
first principles density functional theory, followed by a summary of NEGF 
and the ballistic transport approaches for nanoscale thermoelectric applications. 
2.1 Energy dispersions 
2.1.1 Tight-binding model 
By using an approximate set of localized atomistic orbital basis, the tight-
binding model can properly calculate the electronic band structures for 
nanoscale materials. It can capture the effective mass and energy band gap 
correctly by fitting with experimental data. In the tight-binding model, full 
Hamiltonian, H, of the system is assumed to be approximated by the 
Hamiltonian of an isolated atom centered at each lattice point for a solid-state 
lattice of atoms [45]. The atomic orbitals, which are eigenfunctions of the 
single atom Hamiltonian, are assumed to be very small at distances exceeding 
the lattice constant, so that the lattice sites can be treated independently. With 







 Hamiltonian is derived to produce improved 
parameter sets for Si and Ge [46]. For carbon-based systems, only nearest-
neighbour pz orbital is considered, since sp
2
 hybridized σ-bonds are the inter-
atomic bonds for graphene and so that π-bond (and π*-bond) is formed by the 




Here, we use N = 5 armchair GNR (5-AGNR as shown in Fig. 2-1) as an 
example to illustrate how to derive the material Hamiltonian and obtain the 
corresponding electronic band structure using the tight binding model. 
 
Fig. 2-1 The geometry of a 5-AGNR. The rectangle box denotes the unit cell 
for π-orbital tight-binding method. The atoms are numbered corresponding to 
the Hamiltonian.  
Start with the Schrödinger equation as follow. 
( ) ( )H r E r   (2.1.1) 
The material Hamiltonian can be written as below. 
1 1,0
























The diagonal terms, such as H-1, H0, H1, H2 are the Hamiltonian of one 
unit cell as indicated in Fig. 2-1. In periodic systems, these terms are the same. 
Below is the Hamiltonian for one unit cell of 5-AGNR which contains ten 




adjacent atoms where only the nearest-neighbour interaction is considered, 
also known as the hopping integral.  
0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0
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   (2.1.3) 
The off-diagonal terms are interaction energy between adjacent unit cells 
and the matrix size is the same as the unit cell Hamiltonian. Also, the upper 
off-diagonal terms and lower ones are the transpose of each other. 
, 1 1,
0 0 0 0 0
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   (2.1.4) 
To obtain the electronic band structure, periodic systems, Eq. (2.1.1) can 
be rewritten as follows. 
1 1,0 1 1
0, 1 0 0,1 0 0
1,0 1 1,2 1 1
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     (2.1.7) 
Applying the Bloch theorem, if a potential energy is periodic in the direct 
lattice space, then the solutions for the wave function are of the form of a 
Bloch function: 
exp( ) ( , )n bik nr U r k    (2.1.8) 
1 exp( )exp( ) ( , )n bik r ik nr U r k       (2.1.9) 
1 exp( )exp( ) ( , )n bik r ik nr U r k       (2.1.10) 
Substituting into Eq. (2.1.7) to get the result: 
, 1 , 1exp( ) exp( ) ( )n n n n n pE H ik r H H ik r H k          (2.1.11) 
By obtaining the eigenvalues of the periodic Hamiltonian Hp at different k 
points, the electronic band structures of 5-AGNR can be found as shown in 
Fig. 2-2(a). In the simulation, the hopping integral of t = 2.7 eV is used. If 
considering edge effects for AGNR, t corresponding to the edge points should 
be modified to 1.12t [47] so that the results will be more close to the trends 
observed in first principal calculation when capturing different families of 





Fig. 2-2 (a) The electronic band structure of 5-AGNR calculated by π-orbital 
tight-binding method with edge modification. (b) Variation in energy band gap 
(Eg) with respect to different AGNR widths. 
Various geometries of GNRs can use π-orbital tight-binding method to 
obtain electronic band structures by changing their Hamiltonian accordingly. 






 empirical tight binding model 
can be applied to obtain the electronic band structures. Fig. 2-3 shows an 
example of the band structure of Si and Ge nanowires of circular cross-
sectional shape with 3 nm diameter along [100] crystal orientation. 
 
Fig. 2-3 Electronic band structures of (a) 3 nm [100] circular Si nanowire and 




2.1.2 Fourth-nearest-neighbour force constant approach 
Using the same concept to calculate electronic band structure using tight-
binding model, phonon dispersions for carbon-based systems can be obtained 
by a force constant model proposed by Saito et al. [48]. This model consists of 
the direct parameterization of the diagonal real-space force constants including 
up to fourth-nearest-neighbour interactions (4NNFC approach). 
Firstly, the force-constant tensor describing the interaction between an 




























ti , and 
( )n
to  represent the force-constant parameters in the 
radial (bond-stretching), in-plane, and out-of-plane tangential (bond-bending) 
directions of the nth-nearest neighbours, respectively. Here, the graphene 
plane is the xy plane, the radial direction (x in the case of Fig. 2-4) corresponds 
to the direction of the σ bonds (dotted lines), and the two tangential directions 





Fig. 2-4 An atom A and its first nearest-neighbour atoms Bm (m = 1, 2, 3).  
The force constant matrices for the other two first-nearest neighbours, B2 and 
B3, which are not located on the x axis, can be obtained by unitary rotation of 
the tensor of B1. 
( , ) 1 ( , 1)A Bm A B
m mK U K U
    (2.1.13) 
where the unitary matrix    is defined by a rotation matrix around the z axis 












   (2.1.14) 
where θm is the angle defined by atoms B1, A, and Bm.  
Values of the force constants are obtained by fitting the 2D phonon 
dispersion relations over the Brillouin zone as determined experimentally [48], 







Table 2-1 Force-constant parameters for 2D graphene in units of 104 




ti   
( )n
to  
n = 1 36.5 24.5 9.82 
n = 2 8.80 -3.23 -0.40 
n = 3 3.00 -5.25 0.15 
n = 4 -1.92 2.29 -0.58 
The force constant in phonon calculation can be related to the 
Hamiltonian in electron calculation in Eq. (2.1.1), only that each item in H 
matrix is now substituted by a 4 4  matrix of K. 
2 1q Kq
M




  (2.1.16) 




  at different q points and 
taking the square root, the phonon dispersion relation can be obtained. Fig. 2-5 
shows the phonon dispersion of 9-AGNR as an example. 
 




2.1.3 First principles density functional theory 
The electronic band structures and phonon dispersions can also be 
obtained by first principles density functional theory (DFT), which is a 
quantum mechanical modelling method to investigate ground state electronic 
structures. In this theory, the properties of a many-body system are determined 
by functionals of spatially dependent electron density instead of dealing with 
complicated and multi-dimensional wave function in many-electron system. 
The Kohn-Sham (KS) provides a scheme to reduce the intractable many-body 
system to tractable one of non-interacting electrons moving with an equivalent 
effective potential [50, 51]. Within the KS DFT, approximations are made for 
functionals of electron exchange and correlation interaction. Most commonly 
used approximation is the local-density approximation (LDA), in which the 
exchange-correlation energy only depends on the density where the functional 
is evaluated. 
3( ) ( )LDAxc xcE n n r d r   (2.1.17) 
The LDA is widely used in DFT calculations with results supported by 
experiments. However, it still has some problems such as that the calculated 
lattice constant is underestimated while the cohesive energy is overestimated, 
and the Van der Waals interactions are not included. Therefore, corrections are 
made to ensure the normalisation condition and that the exchange-correlation 




53], which takes into account both the electron density and its gradient. It is 
greatly improved over the LDA in terms of binding and dissociation energies. 
3( , ) ( )GGAxcE f n n n r d r   (2.1.18) 
The DFT is implemented in several commercial softwares. In this work, 
the Vienna Ab-initio Simulation Package (VASP) is used, which performs ab-
initio quantum-mechanical molecular dynamics (MD) simulation 
with efficient matrix diagonalisation schemes and Pulay/Broyden charge 
density mixing. It uses ultra-soft pseudopotentials or the projector-augmented 
wave (PAW) method to describe interaction between ions and electrons, in 
which the plane wave basis set can be reduced considerably [54]. The VASP 
can also provide force constants. In the framework of the density functional 
perturbation theory (DFPT), the forces acting on all atoms within the supercell 
can be obtained using the Hellmann-Feynman theorem. Thus, the interatomic 
force-constant matrix can be evaluated to calculate the phonon dispersions. 
2.2 Transport properties   
2.2.1 NEGF approach 
Thermoelectric properties can be obtained by solving the atomic electron 
and phonon transport properties using NEGF formalism in ballistic regime 




the semi-infinite source and drain are defect-free, the retarded Green’s 
function of the channel region can be calculated as below.  
1( ) [( ) ]R L RG E E i I H
      (2.2.1) 
Here, H is the Hamiltonian of the channel, 
L  and R  are the self-energy 
due to the left and right lead, respectively. Then the electrical transmission per 
spin through the central region can be obtained by calculating the trace of the 
multiple of the Green’s functions and the broadening functions,
/ /2Im( )L R L R    , which describes the interaction between the two leads 
and the central region. 
e ( ) [ ( ) ( ) ( ) ( )]
R A
L RE Tr E G E E G E  T  (2.2.2) 
 In the ballistic regime, the Landauer-Buttiker formula for the current 
carrying energy order of m is as below, where  is the chemical potential and 
f  is the Fermi-Dirac distribution. 
e
2
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Under the linear response approximation, the electrical conductance is 
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T  (2.2.4) 
Hence, we can define an intermediate function Lm to get the coherent 
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With difference in both Fermi-levels and temperatures at the two ends, 
0 0( ) ( ) ( )( )
  
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 (2.2.6) 
Hence, current and heat current can be written in terms of Lm as below. 
1
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 (2.2.8) 
Then, the Seebeck coefficient and electron thermal conductance can be 





















Similarly for phonon transport, phonon current and lattice thermal 
conductance can be calculated through the retard Green’s function and phonon 
transmission. 
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Bn is the Bose-Einstein distribution and E  . 
Therefore, the thermoelectric figure of merit and power factor can be 









2pf S G  (2.2.16) 
The NEGF approach can be applied to arbitrarily shaped channels with 
arbitrarily shaped contacts as well as complicated structures like hetero-
structures and structures with defects. It also can handle incoherent transport 
with different scattering mechanisms. However, it is computationally 
expensive to calculate the transmission coefficient of periodic supperlattice 
systems, especially those with large numbers of atoms or with multiple orbital 
basis set in the unit cell.  
2.2.2 Ballistic method based on Landauer approach 
In ballistic regime, the Landauer approach provides a computationally 




propagating modes calculated from the energy dispersions. Previous works 
mostly use band-counting method to get energy dispersions; however they 
heavily rely on very fine mesh on energy dispersions that requires significant 
computational resource [36]. To overcome this challenge, an efficient method 
is introduced to calculate the density of modes, which is similar to the 
transport transmission coefficient in NEGF.  This method directly uses the full 
electron and phonon band structures to compute the particle flux under the 
small bias to obtain the transport and current. It has been widely used to 
evaluate the ballistic transport through nano-devices with different channel 
materials due to its computational efficiency [59, 60]. It is equivalent to 
Landauer formula to calculate the particle flux carrying energy under ballistic 
limit for a periodic system [61]. As a result, numerically, the formulas in the 
linear response regime can be rewritten as moments of the particle flux 
carrying the energy driven by an infinitesimal bias, and then, divided by it. 
This method also can be related to NEGF approach through the transmission 
calculation, e e e( ) ( ) ( )E T E M E T , where Te(E) and Me(E) are the electron 
transmission of modes and distribution of modes. Te(E) of all modes is one for 
ballistic transport, and Me(E) can be obtained through the electron group 
velocity and density of states for each band. Similarly, for phonons,
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Here, V and T stand for the voltage bias applied across the two leads, and the 











 and density of states 
e/ph ,e/ph,( ) ( )k l
k
DOS E E E   based 
on the l-th subband for electron (phonon) energy dispersions. To obtain carrier 
transport numerically through the channel, a very small bias is applied in the 
two leads, resulting in
L R qdV   . Then, the thermoelectric properties, G, 
S, Ke, Kph, ZT and pf can be calculated by Eq. (2.2.4,9-10,14-16).  
As the electronic properties change with doping profiles, ZT and pf also 
vary as functions of doping levels. For thermoelectric performance evaluation, 
the first peak values of these properties are very important since they are 
convenient to be achieved by adjusting the Fermi-level near the conduction 
band maximum (CBM) or valence band minimum (VBM) through doping or 
applying the gate voltage in realistic experimental setups. Therefore, reduced 
Fermi-levels, F,n C1( ) / BE k T    and F,p V1( ) / BE k T    (μ is the chemical 
potential, 




p-type doping, respectively, are defined so that first peak values in ZT and pf 
are extracted as F,n/p increases in magnitude from zero.  
Next, the calculated results are first compared with those calculated by 
NEGF approach. Fig. 2-6 shows the normalized thermoelectric properties for 
perfect 15-AGNR. The various thermoelectric properties as a function of F,n
calculated by both methods are perfectly matched. The results are also in 
agreement with the results of a recent study done by Ouyang et al. using the 
NEGF formalism [41]. Therefore, this computationally efficient ballistic 
transport method can be used to investigate the thermoelectric properties of 
different structures, especially for those unit cells consisting of a by large 
number of atoms and multiple orbital basis sets.  
 
Fig. 2-6 Normalized ZT, S, κ, and G of perfect 15-AGNR as a function of 
reduced Fermi-level calculated by the ballistic transport method (circles) and 
NEGF (lines). The values are normalized by ZT0 = 0.1092, S0 = 980 μV/K, K0 




Chapter 3 Thermoelectric Properties of Ge 
Nanowires 
3.1 Introduction 
One-dimensional material systems can be considered as potential 
thermoelectric materials due to the quantum confinement effects, and 
semiconducting nanowires have attracted considerable interests. Recent efforts 
on Si nanowires have shown promising results with high ZT value [24, 25, 34, 
35, 62]. Compared to bulk Si, bulk Ge has been considered as a more 
promising thermoelectric material, and hence, it will be of great interest to 
apply Ge nanowires to thermoelectric devices. Furthermore, recent theoretical 
research has shown that, the reduction of thermal conductivity is almost the 
same for Si and Ge nanoscale structures [63], and there is a remarkable 
difference between rough Ge and Si nanowires [37]. Therefore, the geometry 
effects can play an important role. The geometry effects include different size, 
cross-sectional shapes, and different growing orientations of nanowires. Hence, 
this chapter studies the thermoelectric properties of Ge nanowires, especially 
on the geometry effects, followed by a performance comparison between Ge 





3.2 Simulation Set-up 






 tight binding model and 
ballistic transport approach as introduced in Chapter 2. To study the geometry 
effect, different cross-sectional shapes: circle, square and equilateral triangle, 
and different orientations: [100], [110] and [111] for Ge and Si nanowires 
(NWs) are considered as shown in Fig. 3-1. The diameters and side lengths of 
1, 2, 3, 5, 8 nm are selected in order to show the trend from nanoscale to bulk-
like behaviors. 
 
Fig. 3-1 Cross-sectional shapes of (a) circle, (b) rectangle and (c) triangle for 2 
nm Ge/Si nanowires along [100] orientation. Side views for different 
orientations for 2 nm circular Ge/Si nanowires along different orientations: (d) 
[100], (e) [110] and (f) [111].  
3.3 Results and Discussions 
3.3.1 Geometry effects on thermoelectric performance of Ge NWs 
The thermoelectric properties are calculated under room temperature, T = 
300 K. Fig. 3-2 shows S, G, and pf of p-type and n-type [111] triangular Ge 





Fig. 3-2 (a) and (b) Seebeck coefficient (solid lines) and electrical conductance 
(dashed lines) as a function of reduced Fermi-level for p-type and n-type [111] 
triangular Ge NWs with various sizes of 1, 2, 3, 5, and 8 nm, respectively, at 
room temperature. (c) and (d) Power factor as a function of reduced Fermi-
level for p-type and n-type [111] triangular Ge NWs with various sizes at 
room temperature. The inset in (b) shows the zoomed out S near zero ηF. 
For the same reduced Fermi-level (ηF = (EF-ε1)/kBT, ε1 is the first subband 
edge, i.e., the lowest conduction band or the highest valence band edge), S is 
slightly larger for 5 and 8 nm p-type Ge NWs since these two larger wires 
behave more like bulk materials [36].  However, 1, 2, and 3 nm Ge NWs 
exhibit almost the same S, since they behave more like low-dimensional 
materials and S only depends on the number of subbands. It indicates that 
quantum confinement effects play an important role on carrier transport of p-
type triangular Ge NWs for d less than 3 nm. Interestingly, similar behavior 




and 2 nm p-type Ge NWs shows a step function (i.e., 76 S) near ηF = 0 since 
only one subband is involved in the current transport, while G of 5 and 8 nm 
p-type Ge NWs increases linearly as |ηF| increases due to the carrier transport 
through the multiple channels. Furthermore, as ηF increases, S increases and G 
decreases, and hence, a trade-off occurs between them to get an optimized pf.  
Since S values only have small variations, pf is mostly dependent on G. 
Therefore, it explains why the peak values of pf have the similar trend as G for 
p-type Ge NWs as shown in Fig. 3-2(c).  
On the other hand, at the same ηF, S for all n-type Ge NWs are slightly 
different, and the difference is more obvious for G, even for very small size 
NWs, i.e., d = 1 and 2 nm. Furthermore, the inset of Fig. 3-2(b) shows that S 
of 2 and 3 nm n-type Ge NWs are larger than the others at ηF = 0. The reason 
of this abnormal feature can be attributed to the complicated conduction band 
of [111] triangular Ge NWs. As shown in Table 3-1, there are several subband 
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and conductance of the first subband). Therefore, for the degenerate subbands 








 are one at a fixed ηF, resulting in S = 
s
1













decreases at a fixed ηF. As a result, S is determined by the competition of 
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, resulting in S > s
1
. Therefore, the order 
of S near ηF = 0 does not follow the order of the size. These different 
behaviors of S and G between n-type and p-type [111] triangular Ge NWs 
result in the different features of pf.  
Table 3-1 Energy difference between subband valleys in conduction and 
valence band E-k (Unit in eV) for Ge NWs with different sizes. 
 1 nm 2 nm 3 nm 5 nm 8 nm 
Conduction band (n-type) 
ΔE12 0.229 0.017 0.038 0.004 0.001 
ΔE13 0.296 0.112 0.073 0.027 0.010 
ΔE14 0.592 0.207 0.168 0.158 0.082 
Valence band (p-type) 
ΔE12 0.506 0.345 0.149 0.065 0.031 
ΔE13 0.970 0.487 0.183 0.076 0.036 
ΔE14 1.308 0.696 0.25 0.098 0.044 
Next, geometry effects on pf/A of Ge NWs in terms of orientation and 
cross-sectional shape are considered. The reason to normalize pf by the cross- 
sectional area, A, is to rule out the effects of NW size when observing the 
effects of different cross section shapes. 
Fig. 3-3 shows the first peak values of pf/A for Ge NWs under various 
parameter combinations. The first peak values near ηF = 0 are considered since 




valence band, and their doping concentrations within these regions are more 
practical in the semiconductor materials compared to the other higher peaks.  
 
Fig. 3-3 The first peak values of power factor per area vs. cross-sectional area 
(A) for circular, square and triangular (a) n-type Ge NWs and (b) p-type Ge 
NWs with different sizes along different orientations [100], [110] and [111] at 
300 K. The electronic band structures of (c) conduction bands for 1 nm 
circular Ge NW along [111] and (d) valence bands for 1 nm triangular Ge NW 
along [100]. 
In general, regardless of the shape, orientation, and doping type, it is 
observed that the first peak values of pf/A increases as A decreases. At large 
size, i.e. 8 nm, pf/A values are very close for all NWs of different shapes along 
various orientations. As the size is decreased to 5 or 3 nm, the orientation 
dependence is changed such that the [100] orientation turns out to have better 
performance. However, for extremely small NWs, i.e. 1 nm, [111] 
outperforms [100] for n-type Ge NWs since that the mode of transmission and 




NW along [111] has a higher pf/A value than the other NWs due to an 
additional electron flow contribution from the valley at X-point whose energy 
is close to that of -point in E-k as shown in Fig. 3-3(c), whereas such 
condition is not observed for NWs with other shapes and orientations. Similar 
for p-type doping, triangular Ge NW along [100] has the largest pf/A since it 
has three close transmission modes in the highest valence band, one at X-point 
and two at -point as shown in Fig. 3-3(d). However,  other NWs only have 
one mode, so pf/A value of 1 nm triangular Ge NW along [100] is more than 
twice as much as in other cases. This difference in the number of modes for 
electron transmission also indicates that the cross-sectional shape plays an 
important role for extremely small NWs. 
3.3.2 Comparison between Ge and Si NWs 
After investigation on Ge NWs, the geometry effects on Si NWs are 
studied. The first peak values of pf/A for Si NWs under various parameter 
combinations are shown in Fig. 3-4.  
 
Fig. 3-4 The first peak values of power factor per area vs. cross-sectional area 




with different sizes along different orientations [100], [110] and [111] at 300 
K. 
Similar to Ge NWs, pf/A increases as the size decreases. Although 
orientation dependence changes from larger to smaller Si NWs, the orders are 
not the same as that for Ge NWs. Moreover, both for extremely small Si and 
Ge NWs, [111]/[100] have largest pf/A for n-type/p-type, but unlike Ge NWs,  
triangular Si NWs have best performance for both doping. These also can be 
explained by different numbers of transmission modes and spacing variation 
between them caused by quantum confinement effects as mentioned above.  
To observe the comparison more clearly, triangular [111] and [100] Si 
NWs are selected for p-type and n-type respectively, which have been shown 
to have the largest pf/A for Si NWs under various parameter combinations. 
With a focus on comparing triangular NWs, pf without scaling by cross-
sectional area can be discussed as the shape effect is not considered. Fig. 3-5 





Fig. 3-5 The first peak values of power factor v.s. cross-sectional area for 
various combinations of parameters at room temperature for (a) p-type Ge 
NWs and [100] Si triangular NWs, and (b) n-type Ge NWs and [111] Si 
triangular NWs. Circle, square and triangle markers represent the results for 
circular, rectangular and triangular NWs; while the solid, hollow and gray 
color filled markers represent NWs along [100], [110] and [111] orientation, 
respectively.  Dashed lines represent results for Si NWs. 
Firstly, it shows that as A decreases, pf decreases due to the reduction of 
the numbers of modes contributing to the carrier transport. As for small size 
NWs, the number of modes becomes similar for NWs with different cross-
sectional shapes and orientations. As a result, the change of pf becomes 
moderate, and as A decreases, pf/A increases. Therefore, nanostructures 
generally provide higher pf/A than bulk materials as discussed above. 
However, it does not mean nanostructures can provide more efficient pf with 
consideration of the packing issues, which will be elaborated in the following 
section. At larger d, Ge NWs have larger pf than Si NWs, but it is not very 
obvious and even not valid for nanoscale cases. Fig. 3-5(a) shows that for p-
type doping NWs with d less than 5nm, pf values for [100] triangular Si NWs 
are slightly higher than all [110] and [111] Ge NWs, and slightly lower than 
[100] Ge NWs. For example, 1 nm [100] triangular Ge NW is larger than Si 
NW because it has three close subband valleys near the highest valence band 
edge. On the other hand, for n-type cases, pf values for [111] triangular Si 
NWs are higher than all [110] and [111] Ge NWs, but lower than 2 and 3 nm 




since [111] Si NW has four close valleys near the lowest conductance band 
edge while Ge NWs have only one.  
3.3.3 Temperature effect on thermoelectric performance 
To build a thermoelectric device, a temperature gradient is needed to 
generate energy. Hence, the performance at low and high temperature is 
investigated in this section. Fig. 3-6 shows the peak values of pf/A under 
different temperatures from 10 K to 500 K for 3 nm n-type circular Si and Ge 
NWs along different orientations, and their E-k band structures within 50 meV 
energy range, which is big enough to cover the Fermi-level changing due to 
temperature variation.  
 
Fig. 3-6 The peak values of pf/A under different temperatures from 10 K to 
500 K for 3 nm n-type circular (a) Si NWs and (b) Ge NWs along different 
orientations, and their E-k band structures. 
For different temperatures, Si NWs along [111] direction always have the 
highest pf/A peak values since energy values of the lowest subband valleys 
near the X-point and Γ-point in E-k are very close, which can be considered as 




modes and those along [100] have three transmission modes. However, the 
difference of pf/A for different orientations changes while the temperature is 
changing. In addition, pf/A increases as temperature increases except for [111] 
Si NWs. At high higher temperatures, the energy window opens wider for 
carrier transport, and the subbands at higher energies can be involved in 
transport. However, the transport is not only determined by the number of 
modes, but also by the distribution of available states. For the case in [111] Si 
NW, there are four modes at the lowest conduction band and only two modes 
at 90 meV above it. As temperature increases, the available states at higher 
energies take higher weight, therefore the transport decreases and so does pf/A. 
As for Ge NWs, at low temperature, those along [111] have higher pf/A, since 
there are two transmission modes around the lowest conduction energy while 
those along [100] and [110] only have one. However, when temperature is 
increased, more subbands can be involved in transmission for [100] and [110] 
Ge NWs. At 500 K, [100] have three transmission modes, resulting in the best 
performance. Hence, temperature has a great impact for orientation 
dependence on the thermoelectric performance due to its influence on charge 
distribution. 
3.3.4 Packing effect on thermoelectric performance 
For potential energy generating thermoelectric devices, not only one 
single NW is needed, but thousands are packed together. In this section, the 
total power factors (pftot) of Si NWs under different packing conditions are 
studied in order to evaluate the impact of NW size and packing distance (dpack) 




calculated from the peak value of pf multiplied by the area per NW and the 
numbers (Table 3-2) of NWs can be packed in a square device with the side 
length of 1µm, as shown in the inset of Fig. 3-7(a).  
Table 3-2 The number of circular Si NWs can be packed into the square 
device of the side length of 1 µm. The packing distance between NWs 
increases from 1 nm to 10 nm, where 1 nm is large enough to assume 
negligible interactions between Si NWs. 
Packing 
numbers 
dpack (packing distance between NWs) 

















1nm 250000 110889 62500 40000 27889 
2nm 110889 62500 40000 27889 20449 
3nm 62500 40000 27889 20449 15625 
5nm 27556 20449 15625 12321 10000 
8nm 12321 10000 8281 6889 5929 
 6nm 7nm 8nm 9nm 10nm 
1nm 20449 15625 12321 10000 8281 
2nm 15625 12321 10000 8281 7056 
3nm 12321 10000 8281 7056 5929 
5nm 8100 6889 5929 5184 4489 
8nm 5041 4489 3969 3481 3136 
Fig. 3-7(a) and (b) show pftot of the device packed with n-type circular Si 
NWs along [100] orientation under 300 K and 500 K, respectively. First of all, 
the results show that regardless of the diameter, all NWs with the same dpack 
persist the high value of pftot at high temperature. It is because that although S 
decreases slightly from 300 K to 500 K for NWs along [100] orientation, the 
conductance increases considerably. Next, at room temperature, as dpack is 
small, the smaller NWs have higher pftot due to larger packing numbers and 
higher pf/A. However, at 500 K, pftot of all 8 nm NWs separated by different 




of pf of 8 nm nanowires from 300 K to 500 K is as twice as the increase of pf 
of 3 and 5 nm NWs. Furthermore, pftot of smaller size NWs decrease faster 
than that of larger size NWs. As a result, pftot of 8 nm cases actually can be 
higher than pftot of 1 nm NWs at dpack = 6 and 4 nm at T = 300 K and 500 K, 
respectively. It indicates that unless NWs are extremely small and the packing 
is very dense, the larger NWs could have better thermoelectric device 
performance in terms of pftot even though their thermoelectric properties are 
worse than the others when acting as singular NW alone.  
 
Fig. 3-7 The total power factor v.s. packing distance for circular Si NWs along 
[100] orientation with different diameters of 1, 2, 3, 5 and 8 nm (a) for n-type 
at room temperature 300 K, (b) for p-type at high temperature 500 K, (c) for p-
type at 300K and (d) for p-type at 500K. The inset of (a) shows that the square 






In this chapter, we present the thermoelectric properties of Ge NWs in 
terms of S, G, and pf under different combinations of parameters at room 
temperature. [100] Ge NWs have higher values of power factor than those 
along other directions, which indicate that orientation plays an important role. 
Shape effect is significant for extremely small NWs as the number of 
transmission modes dominates the performance. Comparing between 
triangular Si and Ge NWs, n-type Si NWs can outperform n-type Ge NWs for 
nanoscale cases. The temperature effect is significant for NWs with different 
doping types due to the change in charge distributions. The investigation on 
packing effect shows that larger size NWs might be more efficient as packing 
space is not very dense although their performance might not be the best as a 




Chapter 4 Thermoelectric Properties of 
Graphene Nanoribbons 
4.1 Introduction 
Graphene has emerged as a novel material due to its exceptional physical 
properties such as high carrier mobility and high thermal conductivity for 
nano-electronic applications
 
as well as energy efficient device applications [64, 
65], especially the thermoelectric applications. For carbon based nano-
materials, it has been observed that thermal conductivity is very large for 
partially suspended single-layer graphene and carbon nanotube [66, 67]. 
Moreover, some investigations also show exceptionally high thermal 
conductivity for few-layer graphene and graphene flakes depending on width 
and temperature [68-70]. In addition, lack of band gap also leads graphene 
unsuitable for the conventional device applications. Therefore, stripes of 
graphene, graphene nanoribbons stand out due to their semiconducting 
behaviors and the reduced phonon conductivities [47, 71-76]. Recently, a new 
process is developed to control the chemical narrowing of graphene beyond 
the capability of conventional top-down lithography [77].
 
This controlled-
etching method can easily fabricate alphabetic characters and junctions using 
GNRs with different widths. Another recent work introduced a bottom-up 
approach to atomically precise fabrication of GNRs [78]. This process allows 




[79] that can be produced from tetraphenyl-triphenylene precursor monomers. 
Motivated by the advance on GNR fabrication, an investigation on 
thermoelectric properties of various GNR structures will be of great interest. 
In this chapter, various GNR structures are investigated, such as the perfect, 
chiral, and kinked GNRs. 
4.2 Simulation Set-up 
The simulation is carried out using π-orbital tight binding model and 
ballistic transport approach as introduced in Chapter 2. As the band gaps of 
AGNRs depend on their widths and all ZGNRs have very small band gaps, the 
width dependence on thermoelectric performance is observed for AGNRs, but 
not for ZGNRs. AGNRs of 3p and 3p+1 family are semiconducting, and more 
suitable to be thermoelectric materials. Hence, for perfect AGNRs, different 
widths from 3p family are studied first, followed by the investigation of the 
chirality dependence covering different edge type. Besides straight GNRs, 
kinked structures are studied as well. Straight GNRs with armchair and zigzag 
edges can be considered as the arms for the kinked GNRs, and these 
segmented GNRs can be connected with different angles at the kink. To fit the 
kinked structures, two GNR segments connected by 120° with the same edge 
shape and by 150° with different edge shapes are chosen. For example, as 
shown in Fig. 4-1, kinked AA-GNRs are constructed by connecting two 




by two ZGNR segments. To categorize different kinked GNRs, indices w and l 
are used to represent the width of the connecting kink and the length of the 
GNR segment, and d is the width of the small segment, which is also the width 
of the corresponding straight GNRs. 
 
Fig. 4-1 Structures of kinked (w, l) AA/ZZ-GNRs that have two segments with 
the same edge shape, armchair or zigzag, connected by 120°, and kinked 
AZAZ/ZAZA-GNRs that have two segments with different edge shapes 
connected by 150° with horizontal armchair/zigzag segment, respectively. For 
AA- and ZZ- kinked GNRs, length of the arm is defined by index l, width of 
the kink is defined by index w, and width of the arm is d. Transport is along 
horizontal direction. 
4.3 Results and Discussions 
4.3.1 Thermoelectric properties of perfect GNRs  
The thermoelectric properties are investigated by using ballistic transport 
approach for perfect AGNR form 3p family with width of 1 (Fig. 4-2(a)), 2.2, 





Fig. 4-2 (a) Structure of AGNR, width d = 1 nm. (b) ZT as a function of 
reduced Fermi-level for AGNR with different d. (c) S and G as a function of 
reduced Fermi-level for for AGNR with different d. (1 and 2.2 nm lines are 
overlapped) (d) Kph+Ke and Kph/Ke ratio as a function of reduced Fermi-level 
for AGNRs with different d. 
As shown in Fig. 4-2(b), ZT peak values (at T = 300 K) of AGNRs with 
different widths occur around ηF = 0 and monotonically increase as d of 
AGNRs decreases. It indicates that the nanoscale GNRs have better thermal 




phenomena, the individual contribution from electrons and phonons is 
investigated. As shown in Fig. 4-2(c), as ηF increases, S decreases and G 
increases. It is because that more subbands are available for electronic 
conduction. However, around ηF = 0, these two parameters remain same. 
Therefore, it indicates the enhancement of ZT is contributed by the thermal 
conductance. As shown in Fig. 4-2(d), GNRs with larger width have the larger 
thermal conductance since more phonon vibration modes are involved in 
energy transport. As a result, ZT peak values of GNR with smaller widths are 
higher than those of larger widths. Furthermore, the details of Kph and Ke are 
investigated. The thermal conductance is dominated by phonon for GNR with 
large width that behaves more like bulk. However, as d decreases, electrons 
also will play an important role in heat transport as shown in Fig. 4-2(d). 
4.3.2 Thermoelectric properties of chiral GNRs 
In previous chapter, it is shown that geometry effects are important for the 
thermoelectric properties for Si and Ge NWs. Previous studies also show that 
thermal conductivity can be greatly reduced for GNRs with vacancies, 
roughness or tensile/compressive uniaxial strains [47, 74].
 
Hence, the 
geometry of GNRs has a great impact on their thermoelectric properties. In 
this section, the chirality dependence on the thermoelectric properties of 





Fig. 4-3 (a) GNR structure with different chirality angles (α). (b) ZT, (c) 
energy gap, (d) Kph as a function of chirality angle. 
Two typical edge types, armchair (α = 0°) and zigzag (α = 30°) are shown 
in Fig. 4-3(a), and other edge types with α between 0° and 30° are also studied. 
Fig. 4-3(b) shows that the peak ZT values are dependent on size and chirality 
angle. At larger sizes, d = 4, 7 and 10 nm, ZT values are zeros for GNR with 
different α except for 0° (AGNR). The reason lies in their electronic band 
structures. For cases with zero ZT, zero band gap (Eg) and metallic behavior 
are exhibited as shown in Fig. 4-3(c). However, when the size is shrunk down, 
their behavior has changed. At d = 1 nm, GNRs with α = 5°, 7°, 11°, and 16° 
have larger peak ZT values than that of AGNR, while at d = 2.2 nm, GNR with 
α = 5°, and 7° also have larger peak ZT values than that of AGNR, which 
means they exhibit semiconducting behavior. As mentioned above, for AGNR 
with different d, Kph dominates the trend of ZT. However, this is not the case 




GNR with other α is comparable to that of AGNR as shown in Fig. 4-3(d), the 
peak ZT values are still zero due to very small values of S. 
4.3.3 Characterizations of energy dispersions for kinked GNRs 
 In above sections, it is shown that, for carbon-based materials, quasi-1D 
geometry improves their thermoelectric performance compared to 2D 
graphene, and moreover, chirality plays an important role on thermoelectric 
properties of GNR. In this section, various types of kinked GNRs are 
investigated. Before looking into the thermoelectric properties, physical 
characterization is discussed.  
Compared to the results of straight AGNR, band structures of kinked 
AA-GNRs show different characteristics as shown in Fig. 4-4. For example, in 
addition to the band gap between the conduction band and zero energy shown 
in straight AGNR, kinked AA-GNRs also have some minigaps due to the 
perturbations of the kinked structures [80].
 
As the width of these kinked AA-
GNR increases, the band gap reduces which is similar to the straight AGNR 
cases. However, the number of subbands increases and the minigaps become 
smaller due to the weak quantum confinement effect in the transverse 
direction. On the other hand, as the length of the segment increases such as in 
the case of kinked (3, 16) AA-GNR, the number of subband still increases and 
the band gap still exists. It indicates the essential difference between straight 





Fig. 4-4 Conduction band electron energy dispersion and transmission for (a) 
and (b) straight 9-AGNR (length of unit cell, a0 = 0.432 nm); (c) and (d) 
kinked (3, 4) AA-GNR (a0 = 2.993 nm); (e) and (f) kinked (10, 4) AA-GNR 
(a0 = 2.993 nm); (g) and (h) kinked (3, 16) AA-GNR (a0 = 11.972 nm). 
The phonon energy dispersions of straight 9-AGNR and various 
kinked AA-GNRs are also investigated as shown in Fig. 4-5, with focus on the 
energy dispersions and also numbers of energy bands at the energy levels 






Fig. 4-5 Phonon energy dispersion and transmission vs. phonon energy for (a) 
and (b) straight 9-AGNR (a0 = 0.432 nm); (c) and (d) kinked (3, 4) AA-GNR 
(a0 = 2.993 nm); (e) and (f) kinked (10, 4) AA-GNR (a0= 2.993 nm); (g) and 
(h) kinked (3, 16) AA-GNR (a0= 11.972 nm). 
Similar to electronic band structures, the minigap and the discontinuity 
in the phonon energy dispersions exist for the kinked AA-GNRs compared to 
the straight AGNRs. It can also be attributed to that the symmetry is broken at 
the kink and then, the transmission for kinked GNR has more scatterings than 




kinked (3, 4) AA-GNRs never exceeds that of straight 9-AGNR at each energy 
level, which implies to an upper limit to the transmission. As w and l increases, 
the number of subbands increases, but the minigap or transmission reduction 
can still be observed like in the cases for the electronic structures. 
4.3.4 Thermoelectric properties of kinked AA-GNRs 
Based on the above electron and phonon energy dispersions, the 
thermoelectric properties of straight and kinked AA-GNRs are obtained. Fig. 
4-6(a) shows that, for both straight AGNRs and kinked AA-GNRs, the first 
peak value of ZT (ZT1st peak) decreases as the width increases. By fitting these 
two trends into power law, ZT1st peak = 0.554×w
-0.518
 and ZT1st peak = 0.393×w
-
0.823
 are obtained for kinked AA-GNRs and straight AGNRs. It implies that 
kinked AA-GNRs have a lower decreasing rate by comparing the different 
absolute values of scaling exponents. To understand the trend of ZT1st peak, the 
power factor at the first peak value of ZT (pf@ZT 1st peak) and Kph are 
investigated for straight and kinked GNRs as shown in Fig. 4-6(b) and (c). For 
the straight AGNRs, pf@ZT 1st peak almost keep constant but Kph increases as the 
width increases. However, for kinked AA-GNRS, as w increases, there is a 
slight increase of pf@ZT 1st peak, and Kph still increases but in a different rate. The 
difference is due to the different band structures and subband degeneracy for 




GNRs have more and smaller minigaps in electron dispersions, on the other 
hand, the transmission is more scattered and reduced in phonon dispersions.  
 
Fig. 4-6 (a) ZT1st peak, (b) pf@ZT 1st peak, and (c) Kph versus index w for kinked 
AA-GNRs with l = 4 and w = 1 to 10 (circles), and straight AGNR with 
corresponding d (asterisks). (d) ZT1st peak (e) pf@ZT 1st peak, and (f) Kph versus 
index l for kinked AA-GNRs with d = 1 nm, w = 3 and l = 2 to 8 and 12, 16 
(circles) and straight 9-AGNR with same d (line). 
Next, the effect of l is investigated for kinked AA-GNRs with fixed 
kinked width of w = 3 compared to straight 9-AGNR with corresponding 
width d. As shown in Fig. 4-6(d), when index l increases, ZT1st peak only 




Comparing the details of the electron and phonon transport, it can be found 
that, generally, Kph doesn’t change as much as l changes whereas there is a 
decrease shown in pf@ZT 1st peak. Although both calculations are based on the 
kinked structure, the former propagates with very low energy, i.e. the long 
wave length, and the latter propagates with high energy, i.e. the short wave 
length. As a result, the electron will be affected more easily by the kinked 
structures with different l. 
4.3.5 Thermoelectric properties of kinked ZZ-GNRs 
Although straight ZGNRs exhibit metallic behavior as the width is large, 
interestingly, recent study shows that the kinked structures can further open up 
their band gaps to the quantum confinement along the transport direction 
caused by their unique edge structures. Furthermore, it has been discovered 
that similar to straight AGNRs, the kinked ZZ-GNRs have oscillatory band 
gaps depending on width due to the changes in spin charge profiles [74].
 
Fig. 4-7(a), (b) and (c) show the thermoelectric properties for kinked ZZ-
GNRs with different kinked widths and straight ZGNRs with corresponding 
widths. Straight ZGNRs with almost zero band gap indicate the very small 
values of S due to their metallic behaviors with the symmetric transmission 
around the Fermi-level, resulting in almost zeros of ZT1st peak and pf@ZT 1st peak 
for all widths. However, for the kinked cases, due to their semiconducting 




AGNR cases. It is similar to AGNRs that Kph increases monotonically as w 
increases, and Kph of kinked ZZ-GNRs is almost the half value as that of 
straight ZGNRs as shown in Fig. 4-7(c).  
 
Fig. 4-7 (a) ZT1st peak, (b) pf@ZT 1st peak, and (c) Kph versus index w for kinked 
AA-GNRs with l = 3 and w = 1 to 16 (circles), and straight ZGNR with 
corresponding d (asterisks). (d) ZT1st peak, (e) pf@ZT 1st peak, and (f) Kph versus 
index l for kinked ZZ-GNRs with d = 0.5 nm, w = 2 (circles) and l = 2 to 8, 
and straight 3-ZGNR with same d (line). 
However, due to the oscillations of the band gaps, pf@ZT 1st peak of kinked 
ZZ-GNRs concentrate on two values, around 0.6 and 1.4 pWK
-2
. This can be 




pf@ZT 1st peak of 0.6 p WK
-2
, there is only one subband at the lowest conduction 
band edge while for the other case, there are two subbands that overlap with 
each other. Therefore, ZT1st peak is oscillating due to various subband 
degeneracy. Furthermore, despite the oscillating nature, ZT1st peak of both 
kinked AA-GNRs and ZZ-GNRs are quantitatively in better agreement 
compared to the large difference between straight AGNRs and ZGNRs as 
shown in Fig. 4-6(a) and Fig. 4-7(a). This reduces the edge dependency of 
thermoelectric properties, which meets the challenge in future graphene device 
fabrication on the control of edge geometries. 
Next, the arm length effects on the thermoelectric properties are 
investigated for kinked ZZ-GNRs using ZZ-GNRs with a fixed width w = 2 of 
the kink as an example. As shown in Fig. 4-7(d), ZT1st peak is almost constant at 
smaller l. As l is larger than 5, i.e. about 1.3 nm, ZT1st peak decreases rapidly. 
To understand the physical origin of this issue, their pf@ZT 1st peak and Kph are 
investigated as shown in Fig. 4-7(e) and (f). It can be found that similarly to 
kinked AA-GNR, κph does not strongly depend on l, and it is almost constant 
for different l as shown in Fig. 4-7(f). Hence, the trend of ZT1st peak is 
dominated by pf@ZT 1st peak. On the other hand, pf@ZT 1st peak is almost constant 
when l < 5, since at very small size, the electron transport only depends on 
subband degeneracy, and only one subband is involved in the electron 
transport, resulting in the same power factor. While at larger l, the band gaps 




peak. For example, at l = 8, the band gap is only 0.0558 eV. As a result, the 
behavior of kinked ZZ-GNR is approaching to straight ZGNR as l is 
increasing.   
4.3.6 Thermoelectric properties of various kinked GNRs  
Finally, the thermoelectric properties are investigated for different 
structures with hybridized kinked GNR structures including kinked ZZ, AA, 
AZ, AZZ, ZAA, ZZZZ, AAAA, AZAZ, ZAZA-GNRs as shown in Fig. 4-8.  
 
Fig. 4-8 Normalized (a) ZT1st peak, (b) pf@ZT 1st peak, and (c) Kph of various 
hybridized kinked GNR structures connected by armchair or zigzag edges with 
width of 1 nm (circles) and 1.5 nm (cross markers) and length of 1 nm. The 
values are normalized by ZT0 = 0.1766, pf0 = 0.7358 pWK
-2
, K0 = 1.2049 n 
W/K, which are the thermoelectric properties of AGNR with width of 1 nm, 





For kinked GNRs, AGNR and ZGNR segments with same length are 
connected in different manners, and the kinked angles between two 
neighboring segments are 120º for same edge types (ZZ/AA connections), and 
150º for different edge types (AZ connection). In order to compare all of data 
together and show the ratio clearly, the results are normalized by the results of 
straight AGNR with 1 nm width, for which, ZT0 = 0.1766, pf0 = 0.7358  pWK
-2
, 
K0 = 1.2049 nW/K. Simulation results are compared for various hybridized 
GNRs with 1 nm and 1.5 nm width.  
As shown in Fig. 4-8(a), for ZT1st peak, 1 nm cases generally outperform 
1.5 nm cases, except for the straight ZGNR and kinked ZAA-GNRs that have 
almost the same results for both widths. Comparing the contribution between 
pf@ZT 1st peak and Kph as shown in Fig. 4-8(b) and (c), Kph of 1 nm cases are 
smaller than that of 1.5 nm cases, and for same width, hybridized structures 
are all smaller than that of straight GNRs. This is due to the width dependence 
and phonon transport gaps in the hybridized structures discussed above. In 
general, pf@ZT 1st peak does not change much for different widths, but there are 
few exceptional cases, such as kinked AZ, AZAZ, ZAZA-GNRs. The reason 
can be attributed to the effect of the ZGNR segment which has metallic-like 
behavior and has ZT1st peak of almost 0. As discussed above, the kinked ZGNR 
structure can open up its band structure by connecting two ZGNR segments 
with an angle 120º, so that hybridized ZZ, AZZ, ZZZZ-GNRs with such 




AZAZ, ZAZA-GNRs, which do not contain such structure, cannot benefit 
from the richer band gap, especially for 1.5 nm cases. Moreover, ZAA-GNR 
has a poor performance even at smaller width of 1 nm, since it has a horizontal 
ZGNR segment which further tampers the performance. Similar for AZAZ, 
ZAZA-GNRs, they both have two ZGNR segments in the structures, but only 
connected through AGNR segments, so that the thermoelectric performance 
cannot be improved. It can also be expected that hybridized structures with 
random connected AGNR and ZGNR segments might further reduce κph, but 
the further detailed investigation is required. 
4.4 Summary 
This chapter presents the thermoelectric properties of perfect, chiral, and 
kinked GNRs in terms of ZT, pf, and Kph using ballistic transport approach 
based on the electron and phonon band structures. For perfect straight AGNRs, 
the results show that as the size is decreasing, ZT is increasing. The 
thermoelectric properties are investigated to be dependent on GNR geometry. 
Chirality plays an important role on thermoelectric properties of GNR. The 
perfect GNRs might not be the good thermoelectric generators with low ZT 
and high thermal conductance. However, this property can be applied to the 
cooling devices. For kinked GNRs with armchair and zigzag edges, in general, 
the performance is enhanced compared to straight GNRs with the same width. 




While ZT1st peak of straight ZGNRs are close to zero, it is greatly improved for 
ZZ-GNRs to a comparable value with kinked AA-GNRs. Hence, with the 
presence of kink structures, thermoelectric properties are less sensitive to edge 
geometries, which may be preferable in fabrication. As the kinked width 
decreases, ZT1st peak of kinked AA-GNR increases, while that of kinked ZZ-
GNR is oscillatory. For larger kinked arm length, ZT1st peak for kinked GNRs 
decreases gradually as the length decreases. However, the length effect is not 
obvious for kinked GNRs with smaller length. Furthermore, the thermoelectric 
properties of various hybridized kinked GNRs with different connecting 
segments and angles are investigated. Structures with smaller width of the 
connecting segments have better performance. Moreover, structure with two 
ZGNR segments connected by 120º result in larger ZT1st peak, while structures 
with a horizontal ZGNR segment has smaller ZT1st peak and this degradation is 




Chapter 5 Thermoelectric Performance of MX2 
Monolayers 
5.1 Introduction 
Two-dimensional semiconductor materials formed by transition-metal 
dichalcogenide layered structures have attracted great interests due to a wide 
range of important properties. For example, MoS2 is a typical transition-metal 
dichalcogenide built up of S-Mo-S layers. Each MoS2 layer consists of a Mo 
atomic plane sandwiched between two S atomic planes in a trigonal prismatic 
arrangement through van der Waals (vdW) interaction [81]. Owing to weak 
interlayer vdW interactions and strong covalent intralayer interactions, it is 
possible to form ultrathin crystals of MoS2 by the mechanical exfoliation 
technique [82, 83]. Its two-dimensional sheet can also be formed by chemical 
exfoliations, and it has revealed the coexistence of metallic and 
semiconducting phases within the chemically homogenous MoS2 sheet [84]. 
The bulk MoS2 has an indirect band gap of 1.2 eV [85], whereas monolayer 
MoS2 is a direct band gap semiconductor with a band gap of 1.8 eV [86]. This 
semiconducting nature gives monolayer MoS2 advantages over zero band gap 
graphene. Recent works have reported that the mobility of monolayer MoS2 
can be increased by several times comparable to those achieved in thin silicon 
films and graphene nanoribbons for field-effect transistors [87-90], and have 




MoS2, an inverter, a NAND gate, a static random access memory, and a five-
stage ring oscillators based on a single sheet of bilayer MoS2 [91]. In addition 
to MoS2, recent works have shown that monolayer molybdenum diselenide 
(MoSe2), tungsten disulfide (WS2) and WSe2 are also semiconductors with 
exceptional properties for potential nano-electronic applications [92-95].  
In addition to electronic devices, it is also interesting to understand the 
thermoelectric properties of these 2D transition-metal dichalcogenides (MX2) 
materials with potentials for energy efficient device applications. Previous 
experiments have demonstrated that the thermal conductivity of MoS2 film is 
only in the order of 0.1-1 W/mK [43, 96], and disordered layered WSe2 
structures have also demonstrated ultralow thermal conductivity of 0.05 
W/mK [44]. The preliminary studies indicate that low thermal conductivity is 
a general phenomenon in these layer-structures [44]. Therefore, this chapter 
fundamentally study the thermoelectric properties, including both electron and 
phonon transport, of these monolayer materials. 
5.2 Simulation Set-up 
In this chapter, ab-initio method is implemented to obtain physical 
insights of material properties with accurate electron and phonon energy 
dispersion relations of monolayer MX2: MoS2, MoSe2, WS2 and WSe2 (Fig. 5-
1). Electronic band structure calculations are performed within the first-




implemented in the VASP [54, 97, 98]. The GGA with the PBE exchange-
correlation functional is used [99]. A large vacuum spacing of at least 15Å is 
used to hinder the interaction between periodic structures. The plane-wave 
basis set with kinetic energy cutoff of 500 eV is employed. The convergence 
threshold is set as 10
-4
 eV for total energy and 0.01 eV/Å for atomic force. The 
Brillouin zone is sampled using 21×21×1 Monkhorst-Pack grid for relaxation 
calculations [100]. To obtain the full electronic band structure, non-self-
consistent calculations are carried out on 51×51×1 k-points in the positive part 
of the Brillouin zone. For phonon calculations, force constants are obtained 
using DFPT in VASP, and then the phonon dispersions are calculated by 
PHONOPY package [100], which is implemented based on Parlinski-Li-
Kawazoe method
 
[101]. Both electronic and phonon energy dispersions are 
numerically interpolated using finer sampling for transport calculations. The 
thermoelectric and energy transport properties are calculated using a ballistic 
transport model introduced in Chapter 2, based on full electronic band 
structures and phonon energy dispersions obtained. Here, G, кe, and кph, are 
defined as per width values which have been divided by the width of unit cell 
for fair comparisons among different materials. In this chapter, we focus on 
the intrinsic properties and thermoelectric properties without considering 
scattering effects. Thus we can investigate the ultimate performance of 





Fig. 5-1 (a) Top and (b) side view of atomic structures of MX2 with 3x3 
supercell. 
5.3 Results and Discussion 
5.3.1 Electronic and phononic band structures of monolayer MX2 
Fig. 5-2 shows electronic and phononic band structures for monolayer 
MX2 (1L-MoS2, 1L-MoSe2, 1L-WS2 and 1L-WSe2) along the high symmetry 
points with the path Γ-M-K-Γ, and the results are in good agreement with the 
previous first-principles calculations [87, 90, 92-94]. Based on the simulated 
electronic band structures, the band gaps for 1L-MoS2/MoSe2/WS2/WSe2 are 
1.69/1.45/1.82/1.56 eV, respectively. Monolayer disulfide, 1L-MoS2/WS2, 
have larger band gaps and smaller lattice constants than monolayer diselenide 
1L-MoSe2/WSe2. Next, the conduction band effective mass of 1L-MoS2 at K 
point, m
*
n,kx (K→Γ) is 0.52 m0, which is in between the previously reported 
results of 0.45 m0
 
[90] and 0.5788 m0
 
[87]. The effective mass, m
*
n,ky (K→M)  
is 0.51 m0, very close to m
*






[87, 90]. For the carrier effective mass in the valence band and other 
MX2, the results are shown in Table 5-1.  
 
Fig. 5-2 [(a)-(d)] Electronic band structures and [(e)-(h)] phonon energy 





Table 5-1 Lattice constants, electronic energy band gaps and effective masses 
(unit in m0) at K point (kx along K→Γ and ky along K→M) for electrons (n-
type) and holes (p-type) for monolayer MX2 (M=Mo,W; X=S,Se). 
 a Eg m*n, kx m*n, ky m*p, kx m*p, ky 
1L-MoS2 3.1810 Å 1.69 eV 0.5195 0.5094 0.6006 0.6599 
1L-MoSe2 3.3176 Å 1.45 eV 0.5991 0.6030 0.6690 0.7418 
1L-WS2 3.1820 Å 1.82 eV 0.3293 0.3058 0.4211 0.4288 
1L-WSe2 3.3145 Å 1.56 eV 0.3932 0.3747 0.4905 0.4964 
For 1L-MoS2/WS2, the highest energy of the valence band at Γ-point is 
very close to that at K-point, which can be counted as an additional valley to 
contribute to the transport. A higher effective mass and an additional valley 
occurred beyond K-point can contribute more to the electron transport. For 
phonon energy dispersions, furthermore, it can be found that 1L-MoS2/WS2 
has higher optical phonon energies than 1L-MoSe2/WSe2 as shown in Fig. 5-
2(e)-(h). Since S atom is lighter than Se atom, the M-S bonds are more ionic. 
Hence, for 1L-MoS2/WS2, the acoustical branches increase more and the 
highest optical modes are higher [94]. Moreover, the slopes of the 1L-
MoS2/WS2 acoustical phonon bands near zero energy are steeper than those of 
1L-MoSe2/WSe2, indicating a higher thermal conductance for 1L-MoS2/WS2.  
5.3.2 Thermoelectric properties of monolayer MX2 
Next, we investigate the thermoelectric properties based on the energy 
dispersions in the first Brillouin Zone. Two transport directions are 





Fig. 5-3 Thermoelectric figure of merit and normalized thermoelectric 
properties as a function of reduced Fermi-level and the contour of the lowest 
conduction/highest valence band in the positive quarter of first Brillouin zone 
for [(a)-(c)] n-type/[(d)-(f)] p-type monolayer MoS2 along transport direction 
from Γ to K and from Γ to M at room temperature 300 K. The normalization 
factors S0 and G0 are 10
-3
 V/K and 2x10
5
 S/m.   
Fig. 5-3 shows that at room temperature, T = 300 K, ZT values for n-type 
and p-type 1L-MoS2 along both directions vary as the reduced Fermi-levels, 
ηF,n and ηF,p, change. In principle, for semiconducting materials, G increases 
and S decreases as ηF,n or -ηF,p increases, so the power factor pf reaches some 
peaks due to the competition between G and S. For thermal transport, Ke is the 




while Kph is constant along varying ηF since phonon transport is assumed to be 
not affected significantly by EF under a fixed temperature in this work. 
Moreover, Kph is much higher than Ke for most of the cases near ηF,n/p = 0. As 
a result, ZT also shows peaks at similar positions following the trend of pf. 
 Next, we investigate the details of carrier transport along the direction 
from Γ to K. For n-type 1L-MoS2 shown in Fig. 5-3(a), two ZT peaks are 
observed at ηF,n = 0 and ηF,n = 10. This is because the energy level of the other 
valley along the transport direction is almost 0.4 eV higher than the lowest 
energy at K-point. As shown in the contour plot of the lowest conduction band 
in Fig. 5-3(c), the lowest energy level at K-point is 1.8 eV, the valley along the 
transport direction from Γ to K is leveled at 2.2 eV, whose contribution to the 
transport is reflected at a higher ηF,n. However, for p-type 1L-MoS2, only one 
peak can be observed as the energy at Γ-point is too close to the energy at K-
point. Due to this additional contribution at Γ-point, p-type 1L-MoS2 has a 
peak ZT value of 0.58, more than twice of the first peak value for n-type 1L-
MoS2 which is only 0.25.  
Similar behaviors can be found in the other monolayer MX2 as shown in 
Fig. 5-4. For n-type 1L- MoSe2/WS2 /WSe2, two peaks can be observed. The 
positions of the two peaks are very close for 1L-WSe2, since the energy level 
difference between the additional valley and the minimum energy at K-point is 




first peak near ηF,p = 0 is much larger than the other peak, since the 
corresponding contributions from Γ-point are not as strong as the contribution 
from the valley at the midpoint between Γ-point and K-point in the n-type 
cases. 
 
Fig. 5-4 Thermoelectric figure of merit as a function of reduced Fermi-level 
for [(a)-(c)] n-type/[(d)-(f)] p-type monolayer MoSe2, WS2 and WSe2 along 
transport direction from Γ to K and from Γ to M at room temperature 300 K.  
Since it is difficult to physically shift the Fermi-level to be far away above 
EC1 or below EV1 for the realistic experimental setup without changing the 




focused in this work. For transport along the direction from Γ to M, the results 
are very close to those along the direction from Γ to K, because the number 
and position of the valleys are the same when integrating over the full 
Brillouin zone. The small distinction is because that the effective masses along 
transport and transverse directions have small differences, resulting in slight 
variations in group velocity and particle transmission. Moreover, the first peak 
ZT values along transport direction from Γ to K are always slightly higher than 
that from Γ to M. Hence, we only focus on the studies along transport 
direction from Γ to K in the following part. 
5.3.3 Temperature effects 
Next, we investigate the temperature effects on the thermoelectric 
properties. Fig. 5-5(a) shows the first peak values of ZT, ZT1st peak, the 
corresponding S@ZT 1st peak, G@ZT 1st peak, Ke, @ZT 1st peak obtained when ZT reaches 
its first peak, and Kph for n-type monolayer MX2 along transport direction 
from Γ to K at temperature from 60 K to 500 K with a 40 K interval. It can be 
found that, below room temperature, the order of ZT1st peak values from highest 
to lowest is 1L-MoSe2, 1L-WSe2, 1L-MoS2 and 1L-WS2, but when T > 300K, 
ZT1st peak of 1L-WSe2 becomes the largest. For 1L-MoS2/WS2, the increasing 
rate is almost the same and linear, however 1L-MoSe2/WSe2 have higher 
increasing rate especially at high temperature. This phenomenon can be 




electronic band structure, whose lowest energy levels are 0.16 and 0.12 eV 
higher than the lowest conduction band at the K-point for 1L-MoSe2 and 1L-
WSe2 respectively.  
 
Fig. 5-5 (a) The first peak values of thermoelectric figure of merit and the 
corresponding thermoelectric properties of (b) Seebeck coefficient, (c) 
electrical conductance, (d) thermal conductance contributed by electrons, (e) 
lattice thermal conductance and (f) ratio of thermal conductance contributed 
by electrons to lattice thermal conductance for n-type monolayer MoS2, 
MoSe2, WS2 and WSe2 along transport direction from Γ to K at different 
temperatures from 60 K to 500 K with a 40 K increment. The inset of (a) 





As shown in inset of Fig. 5-5(a) for 1L-WSe2, at low T, EF,n is away from 
the valley, two separate ZT peaks can be observed near zero ηF,n. As T 
increases, EF,n moves towards to the valley in the middle between  and K 
points, so the two peaks start to merge with each other and eventually become 
one peak when the whole valley are covered and contributed to the transport. 
This affects mostly on the electron transport, so G@ZT 1st peak increases faster 
when T > 300 K for WSe2. For MoSe2, G@ZT 1st peak increases faster when T > 
400 K since its additional valley is further away from the lowest K-point 
comparing to that of WSe2.  
To further understand the above trend, we investigate the contribution 
from individual thermoelectric parameters. Firstly, for 1L-MoS2 and 1L-WS2, 
S@ZT 1st peak increases slightly as T varies, while G@ZT 1st peak and Ke, @ZT 1st peak 
increase linearly as T increases. Since the trend of S@ZT 1st peak and Ke, @ZT 1st peak 
are almost the same for 1L-MoS2 and 1L-WS2, ZT is mainly determined by the 
competition between G@ZT 1st peak and Kph. Although 1L-MoS2 has a higher 
G@ZT 1st peak, its ZT1st peak is similar to 1L-WS2 owing to its high kph for varying 
T. Next, it can also be found that 1L-MoSe2 has larger S@ZT 1st peak, G@ZT 1st peak 
and smaller Kph that outperform the higher Ke, @ZT 1st peak, so its ZT1st peak are 
higher than 1L-MoS2/WS2. As shown in Fig. 5-5(c), (d) and (f), for 1L-WSe2, 
the behaviors at low and high temperatures are quite different, and it can be 
attributed to the contribution from additional valley which makes a significant 




increasing much faster when T > 300K as discussed above. In addition, it can 
be found that Kph of WSe2 is the smallest, resulting in the largest ZT1st peak at 
high T compared to the others. Moreover, the ratio of Ke, @ZT 1st peak over Kph is 
below 0.2 at T < 300 K, but at high temperature, the ratio increases a lot 
especially for 1L-WSe2 which reaches more than 0.6 at 500 K, indicating that 
the thermal conductance contribution from electrons becomes considerable at 
high T.  
For p-type monolayer MX2 as shown in Fig. 5-6, the temperature effects 
are similar on the thermoelectric properties. In general, ZT1st peak increases 
linearly as T increases, and all monolayer MX2 increase at a similar rate except 
for 1L-WS2 at high temperature due to similar reason discussed above for n-
type WSe2. Kph is not changing as doping changes, so the order is the same as 
in n-type. S@ZT 1st peak is almost the same for all monolayer MX2, and only 
increases slightly as temperature increases. The ratios of Ke, @ZT 1st peak over Kph 
are all below 0.3, not as significant as in the n-type cases. The order of ZT1st 
peak values mainly follows the order of G@ZT 1st peak. At low temperature, there 
are two valleys at Γ-point and K-point contributing to the electron transport 
for 1L-MoS2, since as discussed above, the highest energy levels at these two 
points are almost the same, close to zero. Therefore, as shown in Fig. 5-6(c), 
G@ZT 1st peak of p-type 1L-MoS2 is much higher than the others whose energy 
differences between Γ-point and K-point are more obvious than that for 1L-




valley since its highest energy level at Γ-point is close to that at K-point, so its 
G@ZT 1st peak increases more than 1L-MoSe2 and 1L-WSe2. However, G@ZT 1st 
peak is still the largest for 1L-MoS2 at high temperature, resulting in the largest 
ZT1st peak.  
 
Fig. 5-6 (a) The first peak values of thermoelectric figure of merit and the 
corresponding thermoelectric properties of (b) Seebeck coefficient, (c) 
electrical conductance, (d) thermal conductance contributed by electrons, (e) 
lattice thermal conductance and (f) ratio of thermal conductance contributed 
by electrons to lattice thermal conductance for p-type monolayer MoS2, MoSe2, 
WS2 and WSe2 along transport direction from Γ to K at different temperatures 





This chapter investigates the thermoelectric performance of monolayer 
transition-metal dichalcogenides, MoS2, MoSe2, WS2 and WSe2, using two-
dimensional ballistic transport approach based on the full electronic band 
structures and phonon energy dispersion relations obtained from first-
principles calculations with different crystal orientations and temperatures for 
n-type and p-type materials. It is found that ZT of these materials are generally 
low, among which, p-type monolayer MoS2 shows the highest first peak value 
of ZT at room temperature. The impacts of different transport directions on the 
thermoelectric performance are not significant since the effective masses 
along longitude and transverse directions have small differences and 
consequently that the group velocity and transmission for two transport 
directions are only slightly different. As temperature increases, furthermore, 
the first peak values of ZT increase linearly except for monolayer n-type 
WSe2/MoSe2, and p-type WS2. At high temperature, n-type 1L-WSe2 shows 
an exceptional increasing rate compared to other cases, since the energy level 
of the additional valley is very close to the lowest conduction band energy so 




Chapter 6 Thermoelectric Properties of Few-
layer MoS2 and WSe2 
6.1 Introduction 
Besides monolayer MX2, it is also interesting to investigate the 
thermoelectric performance for multilayer transition-metal dichalcogenide 
structures, since it is not always easy to guarantee the fabrication of monolayer 
structures, whereas multilayers can be obtained easily by mechanical and 
chemical exfoliation technique. For the multilayer structures, the atoms are 
still bonded physically in the layers while the out-of-plane interaction between 
layers is relied on the vdW force. As a result, their electronic structures are 
different from those of monolayer, and recent studies have shown their 
thickness dependent behavior on optical and electrical properties.
 
Especially, 
there is a crossover from indirect band gap to direct band gap from the bulk 
and multilayer structures to single-layer due to the layer stacking effect via 
vdW interlayer interactions. In this chapter, investigations on the 
thermoelectric performance of multilayer MoS2 and WSe2 are focused. Among 
the different MX2 semiconductors, MoS2 is most widely studied for sensing, 
switching, and low-power electronic applications. In recent experiments, the 
monolayer and multilayer MoS2 n-type field-effect transistors (n-FETs) have 
demonstrated a high on/off current ratio of ~10
8
, steep subthreshold swing of 
















 for multilayers, and their performance can be further 
improved in a high-k dielectric environment or through the use of low work 
function metal contacts [87, 88, 90, 102-104]. Similar experimental results are 
demonstrated in the high-performance WSe2 p-FETs with surface doping [95].
 
Moreover, initial studies also indicate that semiconducting MX2 thin films can 
be useful for energy harvesting applications like thermoelectric devices [44].
 
Hence, given the importance of their industry applications and the sensitive 
dependence of thickness on electronic properties, this chapter studies the 
thickness dependent thermoelectric performance of 2D MoS2 and WSe2.  
6.2 Simulation Set-up 
First-principles calculations are used to get the intrinsic electronic and 
vibrational properties of MoS2 and WSe2 with one, two, three, and four 
trilayered structures (1, 2, 3, and 4TL-MoS2(WSe2)). The side view of a 4TL-
MoS2(WSe2) structure is shown in Fig. 6-1(c).  
The electronic band structures are obtained from first-principles density-
functional calculations as implemented in the VASP. Based on our previous 
phonon studies [105, 106], the LDA to the exchange-correlation functional is 
chosen for all phonon calculations. In particular, while van der Waals 
functionals can predict atomic structures closer to experiment, the force 
constants are best reproduced within LDA. The electronic band structure in 




WSe2 is computed with the Perdew-Burke-Ernzerhof generalized gradient 
approximation with Grimme's empirical dispersion correction (PBE-D2) [99, 
107], with PBE-D2 optimized structures. The spin-orbit coupling (SOC) of the 
valence electrons is included in the band structure calculations through the 
second variational method. These choices are based on extensive benchmark 
studies and comparison with the experiments, i.e., Table 6-1, which will be 
discussed later. A large vacuum spacing of at least 15 Å is used to avoid the 
image interaction between the repeating slabs. The cut-off energy for palne 
wave basis set is 500 eV. A Monkhorst-Pack k-point mesh [100] of 17 × 17 × 
5 for the bulk and 17 × 17 × 1 for 1-4TL structures are used to sample the 
Brillouin zones in the structural optimization and self-consistent calculation.   
 
Fig. 6-1 (a) Top and (b) side view of atomic structures of 1TL-MoS2/WSe2, 
and (c) side view of 4TL-MoS2/WSe2. 
Table 6-1 Comparison of the calculated band gaps with different functionals. 
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A supercell force-constant approach [115] is adopted to calculate the 
phonon dispersions since this enables a straightforward evaluation of force 
constants based on the forces. Next, we sequentially displace each atom in the 
primitive cell from its equilibrium position in the x, y, and z directions by a 
distance of 0.015 Å, and calculate the forces acting on all atoms within the 
supercell using the Hellmann-Feynman theorem. Subsequently, the 
interatomic force-constant matrix is evaluated using a central-finite difference 
scheme. 
The transport calculations require a much finer sampling, therefore, a k-
point mesh of 71×71×1 is used within the positive part of the 2D Brillouin 
zone to obtain the electronic band structures and phonon dispersions that are 
numerically interpolated to get the electronic and thermal transport parameters. 
The carrier transport and thermoelectric properties are calculated by a ballistic 
transport approach based on the full 2D energy dispersions. 
6.3 Results and Discussions 
6.3.1 Choice of exchange-correlation functional for electronic band 
structure calculations 
We note that different functionals will give different band gap values as 
well as different positions of the CBM in thin films [86, 93, 108-114], as 
shown in Table 6-1.
 
For instance, for 2TL-MoS2, the quasiparticle self-




non-self-consistent G0W0 calculation [110] and LDA calculation [112] predict 
that the CBM is at a valley close to mid-way along the Γ-K path; we call the 
corresponding k-point . On the other hand, the SOC also has a large 
influence on the CBM position. The screened hybrid density functional of 
Heyd, Scuseria, and Ernzerhof (HSE) calculation with SOC shows that the 
CBM of 2TL-MoS2 is located at K [111], in contrast to the HSE calculation 
without SOC results [108], where the CBM is located at .  
Recent temperature-dependent optical experiments indicate that the CBM 
of 2TL-MoS2 is located at while that of 2TL-WSe2 is located at K of the 
Brillouin zone [113]. However, our LDA+SOC calculations predict the CBM 
in 2TL-WSe2 is at , in contrast to the experimental results.  PBE-D2 with 
SOC can, however, give the correct prediction of the CBM position in this 
system.  In contrast, the opposite is true for 2TL-MoS2: LDA+SOC predicts 
the experimentally-determined CBM position at , while PBE-D2 with SOC 
predicts the CBM to be at K instead.  Since the CBM position in thin films 
greatly influences the thermoelectric properties under n-type doping through 
the number of the conduction channels, in order to make predictions on the 
thermoelectric performance properly, we compute the electronic band 
structures using the functionals that best reproduce the experimental results, i.e. 





6.3.2 Electronic band structures and transport properties 
Fig. 6-2 shows the electronic band structures and band gaps for 1-4TL, 
and bulk MoS2 and WSe2 along the high symmetry points with the path Γ-M-
K-Γ. For 1TL structures, the direct band gaps of MoS2 and WSe2 are 
computed to be 1.7 eV and 1.2 eV, respectively. Both the VBM and CBM are 
located at K due to quantum confinement effects in 1TL structures [116, 117]. 
With increasing thickness, both the valence band at K and conduction band at 
 move down to lower energies, resulting in indirect band gaps, approaching 
the value of the bulk band gap, i.e. 0.7 eV for MoS2 and 0.8 eV for WSe2. For 
few-TL structures, the indirect band gaps are from the VBM at Γ to the CBM 
at , except for 2TL-WSe2 with the CBM still at K, since the band at  for 
WSe2 moves down at a slower rate as the thickness increases. This also 
explains why, as the thickness increases, the band gap decreases at a faster rate 
for MoS2. In addition, the SOC causes obvious subband splitting.  
 
Fig. 6-2  Electronic band structures for 1-4TL, and bulk MoS2 and WSe2, and 




The room temperature thermoelectric properties calculated for MoS2 are 
shown in Fig. 6-3. Two doping types are studied and their doping profiles are 
represented by the reduced Fermi-level: ηF,p and ηF,n for p-type and n-type 
doping, respectively, where  is the chemical potential, and Ev1 and Ec1 are the 
energies of the VBM and CBM, respectively. Two transport directions are 
considered, along the directions from Γ to K and from Γ to M, respectively. 
For MoS2 of different film thicknesses, as the dopant concentration increases, 
i.e. as ηF,p becomes more negative, or ηF,n more positive, Me, G and Ke increase 
while S decreases. These properties are independent of the two different 
transport directions. At room temperature, for p-type MoS2, when ηF,p > -7, 1-
4TL MoS2 show similar values of Me, since they have same number of 
conduction channels from K for 1TL-MoS2 and from Γ for the rest. However, 
when ηF,p ≤ -7, 1TL-MoS2 shows the highest Me due to the contribution from 
the additional conduction channels, 0.2 eV below the VBM at Γ. When ηF,p ≤ -
6, 4TL-MoS2 also have larger Me than 2 and 3TL-MoS2 due to the SOC-split 
band at Γ 0.18 eV below the VBM, compared to 2 and 3TL-MoS2 with no 
subband close to the VBM.  G and Ke are proportional to Me, so that the trends 
of G and Ke follow that of Me. The effects of Me on L0 and L1 in the 
denominator and numerator are cancelled out for S, resulting in that S is not so 
sensitive to the thickness of MoS2 thin films. For n-type MoS2, 2-4TL MoS2 
have larger Me than 1TL-MoS2 when ηF,n
 
< 5 due to the CBM position 




to it, which corresponds to two conduction channels. However, for 2-4TL 
MoS2, the CBM is two-fold degenerated at  where each degenerated band 
contributes two conduction channels. At ηF,n
 
= 2.5 and 5, the two lowest 
conduction bands at  for 1TL-MoS2 start to contribute, resulting in turning 
points in Me. For 2-4TL MoS2, similar turning points are shown at different 
ηF,n due to the contribution from the lowest conduction bands at K with 
different energies away from their CBM. 
 
Fig. 6-3 (a)/(b) The electron distribution of modes, (c)/(d) electrical 
conductance, (e)/(f) electronic thermal conductance, and (g)/(h) Seebeck 
coefficients for p-type/n-type 1-4TL MoS2 along transport direction from Γ to 




Similarly, for WSe2, as shown in Fig. 6-4, G and Ke follow the trend of Me 
as the film thickness increases, and S is not so sensitive to the thickness. For p-
type doping, Me is slightly higher for 2TL-WSe2, while 3 and 4TL-WSe2 have 
similar values of Me when ηF,p > -6. For n-type doping, 1TL-WSe2 has the 
lowest Me. The details of the changes in Me with different film thickness can 
be explained by the relative positions of subband energy levels to the 
VBM/CBM, and their corresponding contributions to electron transport. 
 
Fig. 6-4 (a)/(b) Electron distribution of modes, (c)/(d) electrical conductance, 
(e)/(f) electronic thermal conductance, and (g)/(h) Seebeck coefficients for p-
type/n-type 1-4TL WSe2 along transport direction from Γ to K and from Γ to 




6.3.3 Phonon dispersion and transport properties 
The phonon dispersions of MoS2 and WSe2 are shown in Fig. 6-5. Optical 
phonons have higher frequencies/energies in MoS2 than in WSe2, since the 
masses of both Mo and S atoms are smaller than those of W and Se atoms. 
The slopes of the acoustic phonon bands are similar for MoS2 and WSe2 of 
different thicknesses, but there are more flat subbands around  point near 
zero energy as the number of layers increases, corresponding to the interlayer 
vibrations.  
 
Fig. 6-5 Phonon dispersions for 1-4TL, and bulk MoS2 and WSe2. 
In both MoS2 and WSe2, Mph and Kph calculated from phonon dispersions 
increase with increasing film thickness, as shown in Fig. 6-6. With larger 
energy, MoS2 has higher Kph than WSe2. The lattice thermal conductance for 
the bulk is also calculated based on three-dimensional phonon dispersions. To 
compare the thin-film structures with the bulk, we divide the Kph in thin films 




bottom S-planes for MoS2, or Se-planes for WSe2. It is shown that Kph/h0 
decreases as the film thickness increases, and eventually approaches the bulk 
value. We note that Kph is not dependent on the Fermi-level, doping type, or 
transport direction, but only affected by the material and device temperature. 
 
Fig. 6-6 (a)/(b) Phonon mode density, (c)/(d) lattice thermal conductance, and 
(e)/(f) lattice thermal conductance per thickness for 1-4TL MoS2/WSe2 along 
transport direction from Γ to K and from Γ to M at 300 K. 
6.3.4 Thermoelectric performance  
Combining the above electron and phonon transport properties, we 




K), as shown in Fig. 6-7. Since G and S are inversely dependent, ZT shows 
peaks along the changing reduced Fermi-level. We define the first peak in ZT 
as ηF,n/p increases in magnitude from zero as ZT1st peak, which is of interest 
since it is convenient to be achieved by adjusting the Fermi-level near the 
VBM and CBM through doping or applying the gate voltage in realistic 
experimental setups. For p-type MoS2, G is almost the same near zero ηF,p for 
2-4TL MoS2, and slightly smaller for 1TL-MoS2. The differences in S and the 
ratio of Ke to Kph are relatively small. Therefore, ZT1st peak is mainly determined 
by the competition between G and Kph. Kph increases as the number of layers 
increases, which compensates the small G for 1TL-MoS2. Hence, ZT1st peak 
decreases as the number of layers increases, and 1TL-MoS2 shows the highest 
ZT1st peak, almost 0.25. In addition, the other peaks at ηF,p
 
= -7 are due to the 
additional conduction channels at Γ of  the two-fold degenerated highest 
valence bands for 1TL-MoS2 and the SOC-split subband below the VBM for 
4TL-MoS2, and the near flat S in this energy range. For n-type MoS2, G is the 
lowest for 1TL-MoS2 and has the same value for 2-4TL MoS2 near zero ηF,n, 
and Kph increases as the number of layers increases. ZT1st peak is the highest for 
2TL-MoS2, around 0.7, since the increase in G is larger than the increase in 





Fig. 6-7 The thermoelectric figure of merit as a function of reduced Fermi-
level for (a)/(b) p-type/n-type 1-4TL MoS2 and (c)/(d) p-type/n-type 1-4TL 
WSe2 along transport direction from Γ to K and from Γ to M.  The reduced 
Fermi-levels are ηF,p = (-Ev1)/kT and ηF,n = (-Ec1)/kT. (d)/(e) The first peak 
value of the thermoelectric figure of merit for p-type/n-type 1-4TL  
MoS2/WSe2  at 300 K.  
For p-type WSe2, 2TL-WSe2 has the highest ZT1st peak due to the largest G 
value, even though its Kph is larger than 1TL-WSe2. For n-type WSe2, 2TL-




almost the same near zero ηF,n for 2-4TL WSe2, and Kph increases as the 
number of layers increases, so ZT1st peak decreases as the number of layers 
increases from 2TL to 4TL. However, both G and Kph for 1TL-WSe2 are 
smaller than those for 4TL-WSe2, and the decrease in G is much larger than 
the decrease in Kph, so ZT1st peak is the smallest for 1TL-WSe2. Therefore, ZT1st 
peak from the highest to lowest follows the trend 2TL>3TL>4TL>1TL for n-
type WSe2.  
In addition, the directional dependence in ZT is not obvious, since the 
distributions of modes for both electrons and phonons are almost the same 
along the two directions. It can be attributed to that the electronic band 
structures and phonon dispersions have similar curvatures along kx and ky 
directions. The small difference is due to minor changes in the effective 
masses and group velocities along the different transport directions. 
6.3.5 Temperature effects 
Next, we investigate the temperature effects on the thermoelectric 
performance. We assume that the temperature will not change the electronic 
band structure and phonon dispersions significantly. Our computed values of 
ZT1st peak at temperatures from 100 to 500 K for p-type and n-type MoS2 and 
WSe2
 
are shown in Fig. 6-8. As discussed, the dependence on transport 
direction is not very significant, so only results along the transport direction 





Fig. 6-8 The first peak values of thermoelectric figure of merit for (a)/(b) p-
type/n-type 1-4TL MoS2 and (c)/(d) p-type/n-type 1-4TL WSe2 along transport 
direction from Γ to K at different temperatures from 100  to 500 K. 
Since ZT is proportional to the temperature, ZT1st peak should increase 
linearly as T increases if the changes in other properties are not considered. 
However, in general, the rate of increase in ZT1st peak is larger at higher 
temperatures, and this is obvious for p-type 4TL-WSe2 and n-type 1TL-MoS2. 
This observation arises mainly from the differences in the temperature 
dependence of S, G, Ke and Kph. The discussions of S, G, Ke below are based 
on extracted values when ZT reaches its first peak value. We first consider p-
type 4TL-WSe2. From Fig. 6-9, S is almost constant in the temperature range 
of 100-500 K at the doping levels corresponding to ZT1st peak. At low T, both G 
and Kph increase almost linearly as temperature increases. However, at high T, 




is opened to include more transport channels, additional electron contributions 
are considered for Me at ηF,p
 
= -5 as shown in Fig. 6-4(a). Since Kph is almost 
constant, and Ke is still small compared with Kph, ZT1st peak in p-type 4TL-WSe2 
increases at a faster rate at higher T. 
 
Fig. 6-9 (a)/(b) The Seebeck coefficient, (c)/(d) electrical conductance, (e)/(f) 
lattice thermal conductance, and (g)/(h) ratio of electronic thermal 
conductance to lattice thermal conductance for p-type 1-4TL MoS2/WSe2 
along transport direction from Γ to K at different temperatures from 100  to 





Fig. 6-10 (a)/(b) The Seebeck coefficient, (c)/(d) electrical conductance, and 
(e)/(f) ratio of electronic thermal conductance to lattice thermal conductance 
for n-type 1-4TL MoS2/WSe2 along transport direction from Γ to K at 
different temperatures from 100  to 500 K. 
For n-type 1TL-MoS2, S has a relatively large increase with temperature, 
and G increases more slowly at higher temperature as shown in Fig. 6-10. Kph 
tends to be a constant as temperature increases as shown in Fig. 6-9(e), while 
Ke increases to comparable value of Kph with a ratio of more than 0.6 at 500 K 
as shown in Fig. 6-10(e). This significant contribution of Ke causes the total 
thermal conductance increased at high T. However, the increment in Kph+Ke 
has a smaller factor than that in S and G. Hence, the ZT1st peak increases more at 




In general, the high ZT values at high temperature are also related with the 
relatively large band gaps of MoS2 and WSe2, so that the bipolar effect is not 
significant. On the other hand, the ratio of Ke to Kph increases with increasing 
temperature, which suggests the Ke has a larger influence at higher T. We note 
that very high ZT1st peak values of 1.6 and 2.1 are obtained for n-type 1TL-MoS2 
and 2TL-WSe2 at 500K. We also note that a recent study show that our 
assumption of unchanged electronic band structure is valid for MoS2 in the 
temperature range of 100-500 K due to the well-separated indirect and direct 
gaps in bulk and thin film MoS2, but there may be some deviations in WSe2, 
which need further study for the details.   
6.5 Summary 
This chapter studies thermoelectric performance and electron and phonon 
properties of bulk and thin film MoS2 and WSe2, using a ballistic transport 
approach based on electronic band structures and phonon dispersions obtained 
from first-principles calculations. It is found that the electronic band gaps and 
thermal conductance per thickness approach to the bulk when the thickness 
increases. At room temperature, the value of ZT1st peak decreases with 
increasing thickness when the thickness exceeds 2TL for both MoS2 and WSe2. 
The 1TL shows the largest ZT1st peak only in n-type MoS2, but are smaller than 
2TL in other cases. Our calculations suggest that the competition between G 




and the transport direction has little effect on the thermoelectric performance. 
As temperature increases, ZT1st peak generally increases at a slower rate at low 
temperature and faster rate at high temperature due to the different changes in 
S, G, Kph and Ke. The ZT1st peak can reach remarkably large values of 1.6 and 
2.1 for n-type 1TL-MoS2 and 2TL-WSe2, suggesting these transition-metal 
dichalcogenides are promising thermoelectric materials.  
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Chapter 7 Conclusion and Future Works  
7.1 Conclusions 
 In this thesis, the background of thermoelectrics is introduced, 
followed by a summary of the computational method to evaluate it. Then, 
using the ballistic transport model based on electron and phonon energy 
dispersions, the thermoelectric performance are investigated theoretically for 
some advanced low-dimensional materials. Firstly, one-dimensional potential 
thermoelectric materials are considered. For Ge nanowires, [100] direction 
have better thermoelectric performance compared to [110] and [111] 
directions. The transport and thermoelectric properties are greatly influenced 
by geometry effects, especially for extremely small nanowires, cross-sectional 
shape effect is very significant. Comparing between triangular Si and Ge 
nanowires, n-type Si can outperform n-type Ge for nanoscale cases. The 
temperature and packing effects are also investigated. For graphene 
nanoribbons, the thermoelectric performances of kinked GNRs are greatly 
improved compared to their straight counterparts. With the presence of kink 
structures, thermoelectric properties are less sensitive to edge geometries, 
which may be preferable in fabrication. The thermoelectric properties of 
various hybridized kinked GNRs with different connecting segments and 
angles are investigated as well. Same as in the straight cases, structures with 
smaller width of the connecting segments have better performance. Then, for 
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two-dimensional materials, monolayer and multilayer transition-metal 
dichalcogenide layered structures are studied. The transport and thermoelectric 
properties are compared between MoS2, MoSe2, WS2, and WSe2 monolayers. 
The results show that transport properties are not very sensitive to crystal 
orientations. The results of multilayer MoS2 and WSe2 show that the thickness 
dependence is different for n-type and p-type doping types. The temperature 
effects are also investigated. To conclude, these physical understanding of the 
electron and phonon transport properties in ballistic regime can serve as a 
guideline for experimentalists on the new direction for low-dimensional 
thermoelectric materials.  
7.2 Future works 
There are also some interesting topics that can be extended from the 
works presented here. The following sections introduce some possible 
directions. 
7.2.1 Thermoelectric properties of graphene with grain boundaries 
For graphene, structural defects appeared during growth or processing are 
of practical significance on the performance, such as point and line defects. 
Grain boundaries are line defects separating single-crystalline domains with 
preferably periodic structure due to minimum formation energy. After 
individual dislocation is first imaged in free-standing graphene layer by 
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transmission electron microscopy (TEM) [118], recently, more reports have 
shown grain boundaries in graphene produced by chemical vapor deposition 
(CVD) [119, 120], opening an opportunity for studies on the structure, 
properties and control of grain boundaries in graphene. Theoretically, first 
principles calculations are used to study the electronic properties of graphene 
with grain boundaries [121-123]. The structure is dictated by the 
misorientation angle of two crystallites. For any possible misorientation angle, 
it is possible to construct a grain boundary structure in which all carbon atoms 
maintain their three-fold coordination. The grain boundaries can be classified 
into class I (symmetric) and class II (asymmetric). The electronic properties 
are different for graphene with different classes of grain boundaries from 
metallic to semiconducting based on the theory of transverse momentum 
conservation, and class II grain boundaries can introduce large transport gaps. 
These transport gaps and electrical conductance can be modulated by strains 
on grain boundaries [123]. The effect of grain boundaries on the thermal 
conductivity of graphene is also studied theoretically using NEGF approach 
[124, 125]. Unlike the structural dependence on electronic transport, graphene 
with all types of grain boundaries have excellent thermal conductivity, and 
among which, symmetric zigzag grain boundaries show the highest thermal 
conductance, yielding about 80% transmission of the pristine graphene. As the 
temperature increases, the thermal conductance of grain boundaries increases. 
Similarly to the pristine graphene discussed above, the out-of-plane acoustic 
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mode is dominant in thermal conductivity of graphene with grain boundaries 
at low temperatures [124]. Therefore, in future works, we can investigate the 
details of electron and phonon transport of graphene with various grain 
boundary structures using NEGF. Fig. 7-1 shows two typical structures of 
graphene with grain boundaries. For graphene with grain boundary 
misorientation angel θ = 30 and other asymmetric types, two possible 
connection orders can be formed for device with two grain boundaries in the 
channel.  
 
Fig. 7-1 Structures of graphene with grain boundary of (a) misorientation 
angle θ = 21.8 and (b) misorietation angel θ = 30. (c) Structures of a device 
with graphene with two reversely positioned grain boundaries as the transport 
channel. For asymmetric grain boundaries, two connections AZA and ZAZ are 
possible. The distance between the grain boundaries is d. 
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7.2.2 Thermoelectric performance of topological insulators 
Recent theoretical and experimental works have demonstrated that some 
of the traditional thermoelectric materials are topological insulators [126-130], 
which have opened up a new direction for ZT enhancement. A topological 
insulator (TI) behaves as an insulator in the interior and contains conducting 
surface states protected by the particle number conservation and time-reversal 
symmetry topologically [131]. TI and thermoelectric materials have similar 
requirements of heavy elements and small band gaps. For TIs, they can 
generate large spin-orbit coupling to form topological surface states, and 
modify the band structure with an inverted band. For thermoelectric materials, 
they can reduce thermal conductivity while maintaining large power factor. 
An example is Bi2Te3
 
whose bulk forms have been used commercially for 
decades [4]. It is predicted that a tunable hybridization-induced band gap of 
surface states can be generated to improve low temperature thermoelectric 
performance in Bi2Te3 thin films in nanoscale. This technique can also be 
applied to other materials in the same class [132]. Mechanically exfoliated 
stacks of Bi2Te3 thin films have demonstrated the reduction of thermal 
conductivity with preserved electrical properties in the topological-insulator 
surface transport regime [133]. The preliminary study on Bi2Te3 single 
quintubles has shown that ZT can increase to 140%~250% mainly due to the 
reduction in the lattice thermal conductivity. In addition, superlattice 
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nanostructure design can be applied to enhance the thermoelectric 
performance of Bi2Te3 thin films [134]. With a careful design of the Bi2Te3 
superlattice structures, predicted peak value of ZT can be achieved to be 
approximately 6 for gapped surface states at room temperature. The 
enhancement is caused by the decrease of the lattice thermal conductivity due 
to phonon-interface scattering. In addition, the topologically protected surface 
states provide high, and the Seebeck coefficient increases due to the electron 
filtering. These results show that the topological surface is an important 
physical feature that affects the thermoelectric performance. Hence, it is of 
great interest to study systematically the details of the thermoelectric 
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